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ABSTRA CT 
Pre-Late-Wisconsin Glacial History of the 
Naknek River Valley, Southwestern Alaska 
by 
Caleb H. Thompson, Master of Science 
Utah State University, 1996 
Major Professor: Dr . Darrell S. Kaufman 
Department: Geology 
The lower Naknek River in southwestern Alaska dissects thick (-20 m) exposures 
of Pleistocene glaciogenic sediments. The stratigraphy of the deposits and their physical , 
geochemical , mineralogical , and geochronological properties were studied to determine the 
number and timing of glacial advances represented. Multi variate data reduction methods 
(cluster and principal component analyses) were applied to the data to differentiate 
diamicton beds. The results show a clear separation of drift of the lower Naknek River 
valley from drift of northern Bristol Bay and from younger, moraine-comprising drift up 
valley. Within the Naknek River valley, however, there is no stratigraphic trend to the 
clusterings. The similarity between diamicton units suggests that most of the drift in the 
Naknek River valley is from one advance, or that the clustering methods were not sensitive 
to detect multiple advances from overlapping source areas. At South Naknek beach, a 
marine-lag horizon separates two diamictons. Based on amino acid (D/L) ratios in fossil 
molluscs, this lag is correlated with the last interglacial (-125 ka). The underlying 
diamicton records an advance > 125 ka. A thermoluminescence age estimate on a lava-
baked diamicton at Telephone Point provides a minimum age on a lower diamicton of 250 
± 20 ka. The age of the overlying, regionally extensive drift sheet is constrained by an 
iii 
optically stimulated luminescence age, amino acid ratios, and radiocarbon ages from drift at 
Halfmoon Bay. These data, together with sedimentologic evidence for glacial-estuarine 
conditions, suggest that ice advanced into a tidally influenced estuary during a time of high 
(about + 12 m) relative sea level about 80 ka. Mak Hill and Johnston Hill, ridges 
previously mapped as moraines, are reinterpreted as ice-thrust ridges, and may not 
represent stable ice margins. The terms "Mak Hill drift" and "Johnston Hill drift" should 
be abandoned as discernable lithostratigraphic and climatological units, because they may 
not represent unique glacier advances, and because they appear to be lithostratigraphically 
indistinguishable. 
(99 pages) 
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INTRODUCTION 
This thesis examines the pre-late-Wisconsin glacial geology of the lower Naknek 
River, in the eastern Bristol Bay region of southwest Alaska (Figure 1). The stratigraphy 
and sedimentology of pre-late-Wisconsin drift are described, and the separation of drift 
units , timing of ice advances, and determination of source areas for the glaciers are 
explored. Field and laboratory data provide a foundation for stratigraphic interpretation of 
the drift. The stratigraphy, in turn, provides insight into the number of pre -late-Wisconsin 
glacier advances that have occurred in the Naknek River valle y, and potential source areas 
for the drift. Finally , geochronological data are presented to confine the age of the drift. 
The Naknek River valley (Figure 2), like other valleys on the western side of the 
Alaska Peninsula, has been extensively glaciated . Several times during the Pleistocene, a 
lobe of the Cordilleran Ice Sheet (CIS) was centered over Shelikof Strait; this ice cap fed 
outlet glaciers that flowed west across the northern Alaska Peninsula (Detterman, 1986). 
Unlike Iliamna and Becharof valleys to the north and south, respectively , Naknek River 
valley heads in a high mountain range to its east. Pleistocene glaciers that extended down 
the Naknek River valley were not derived from the large ice cap that flowed into adjacent 
valleys . Instead, the valley was fed by an independent source of ice, that also diverted 
lobes of the CIS . Glacier fluctuations in the Naknek River valley, therefore, reflect the 
response of an independent glacial system to climate change and can be compared to 
fluctuations of the CIS. An understanding of the glacial record in the Naknek River valley 
will provide information about climate variations during the Quaternary. 
Because Bristol Bay is relatively shallow(< 50 m deep; von Huene et al., 1985), 
small changes in sea level (globally or locally) have a major effect on regional moisture 
availability, and, therefore, on local-glacier mass balance. By determining the timing of 
advances in the Naknek River valley, then comparing these to global sea-level records, the 
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Figure 1. Bristol Bay region, showing location of sample sites in the 
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effect of moisture availability on glacier mass balance can be assessed. Previous workers 
(Muller , 1952a; Detterman and Reed, 1973; Dettennan, 1986; Riehle and Dettennan, 1993) 
adopted the conventional view that major ice advances in southwest Alaska coincided with 
intervals of lower eustatic sea level. Consequently, they interpreted all of the drift in this 
valley as till deposited by terrestrial glaciers, and ascribed the marine deposits found in 
coastal-bluff exposures to non-glacial environments. However, a variety of 
sedimentological and stratigraphic evidence from around Nushagak (Lea , 1990a) and 
Kvichak (Lea et al. , 1993) bays suggests that some of the drift is glaciomarine in origin . 
The relationship between glacial advances and sea-level changes is important for 
understanding the climatological controls on glaciation in southwest Alaska . 
The Naknek River valley is also important because previous workers have assigned 
type localities to three pre-late- Wisconsin advances in or near the valley . If these are to be 
correlated with drift elsewhere on the Alaska Peninsula, then the type localities must be 
carefully described . 
Study Area 
The study area is located in the southeastern part of the Bristol Bay Lowlands, a 
broad and relatively flat Late Cenozoic depositional basin that mostly lies within 150 m of 
sea level. The lowlands are bounded to the north and west by the Wood River Range, to 
the east by the Alaska Range, and to the south by the Aleutian Range (Figure 1). Each of 
these ranges served as source areas for pre-late-Wisconsin glaciers that extended as 
piedmont lobes into the lowlands, depositing drift that now underlies a nearly continuous 
blanket of wind-blown sand and silt. The area falls within the zone of sporadic permafrost 
(Ferrians, 1965). Modern precipitation averages 48 cm/yr, and mean annual temperature is 
-1 ·c in King Salmon. Several large rivers flow from the mountains into the lowlands, 
dissecting the upper Cenozoic deposits and providing useful access to exposures by boat. 
The Naknek River flows west -50 km from Naknek Lake, on the Alaska 
Peninsula, to Kvichak Bay (Figure 2). In the upper reaches, the river dissects a late 
Wisconsin moraine and its associated outwash. This moraine (hereafter, the "Naknek 
moraine") and its internal stratigraphy have been recently studied by Stilwell (1995) and 
Mann and Peteet (1994), respectively. Exposures along the Naknek River are scarce 
downstream of the Naknek moraine to Paul's Creek (Figure 2). Downstream of Paul's 
Creek, the river has exposed glacial sediment and its eolian mantle ; these exposures , along 
20 km of river , are the principal focus of this study. The river-cut banks are 10-30 m high 
and extend in places for hundreds of meters , revealing the underlying stratigraphy and 
sediments . More broadly, the study area includes the area surrounding the Naknek River, 
specifically: Mak Hill, bluffs near Johnston Hill , and exposures at Halfmoon Bay, across 
Kvichak Bay (Figure 2). 
Previous Work 
5 
Muller (1952a, 1952b, 1953) first investigated the glacial sediments in the Kvichak 
Bay region . He mapped and assigned names to four of the drift units, which are still in use 
today. From youngest to oldest , they are: Brooks Lake, Mak Hill, Johnston Hill, and 
Halfmoon Bay drift (Table 1). The Mak Hill drift type locality is at V ABM Mak, 10 km 
west of King Salmon; Johnston Hill is located near the east shore of Kvichak Bay, 15 km 
southwest of Naknek village; Halfmoon Bay is located about 25 km west of the mouth of 
Naknek River, across Kvichak Bay (Figure 2). Muller (1952a) noted the presence of clasts 
composed of the Naknek Formation (a mixed assemblage of Tertiary sedimentary rocks 
containing Bukio fossils) in drift at Halfmoon Bay. He concluded that the drift must have 
derived from the Naknek River valley, from ice that extended westward across Kvichak 
Bay. Because Muller (1952a) noted the presence of Naknek-derived clasts in Halfmoon 
Bay drift, and my data support this finding, Halfmoon Bay will be considered part of the 
TABLE 1. DRIFT UNITS IN TIIB NAKNEK REGION, 
AS MAPPED BY PREVIOUS WORKERS. 
Drift Name* 
Brooks Lake Drift 
Mak:Hill 
Johnston Hill , 
Halfmoon Bay, and 
"older drift" 
Previously Assigned Age t 
late Wisconsin ( <35 ka) 
early Wisconsin (>35 ka) 
pre-early Wisconsin (>79 ka) 
*After Muller (1952), Detterman (1986), and Riehle and Detterman (1993 ). 
t From Riehle and Detterman, 1993. 
Naknek River glacial system for the remainder of this thesis. 
The Quaternary geology of the area surrounding, and including, the Naknek River 
valley was studied by Detterman (1986), who retained the terms Mak Hill drift and 
Johnston Hill drift, and noted the presence of "older drift" exposed in the bluffs near the 
mouth of Naknek River (Figure 3). He correlated this "older drift" with Muller's (1952a) 
Halfmoon Bay drift Later, Detterman and Reed (1973) divided Muller's (1952a) Brooks 
Lake drift into four discrete, mappable units : Newhalen, Iliuk, Iliamna, and Kvichak drift, 
based on their work in the Iliamna Lake valley (Table 1). 
6 
In 1993, Riehle and Detterman published a Quaternary geologic map of the Mount 
Katmai and adjacent quadrangles, including the Naknek River valley (Figure 4). Their 
reinterpretation of the drift distribution and ages in the Naknek River valley is significantly 
different from previous interpretations. Riehle and Detterman (1993) noted that the early 
phase of the late-Wisconsin in the Naknek River valley is represented by only one moraine 
(the Naknek moraine), whereas adjacent valleys on the peninsula contain two moraine belts 
at and near the maximum late-Wisconsin limit, the K vichak and Iliamna moraines. To 
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Figure 3. Pre-late-Wisconsin drift in the eastern K vichak Bay region, 
including the Naknek River valley, as mapped by Detterman (1986). 
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rectify this discrepancy, Riehle and Detterman correlated the next oldest moraine in the 
Naknek River valley - the type Mak Hill - with the oldest late-Wisconsin advance (the 
Kvichak stade), thereby ascribing the Naknek moraine to the Iliamna stade. On their map, 
Mak Hill drift is no longer mapped at its type locality (V ABM Mak); the Johnston Hill drift 
remains unchanged. 
Purpose 
The primary objectives of this work are first, to determine the number of pre-late-
Wisconsin glacier advances that have occurred in the Naknek River valley , and their source 
area(s); and second, to determine the timing of the advances . The discrepancy between 
Riehle and Detterman ' s ( 1993) interpretation and those of previous reports needs 
clarification . This work presents geochemical and stratigraphic descriptions of the glacial 
sediments, particularly the diamictons, exposed along the lower Naknek River . 
Multivariate statistical analysis is used to distinguish and differentiate diamictons within the 
Naknek River valley (including Halfmoon Bay) . In addition, this study addresses the 
problem of correlating drift across Kvichak Bay. For example, is Muller's (1952a) 
Halfmoon Bay drift equivalent to the "older drift" as proposed by Detterman (1986), or is it 
significantly older than Johnston Hill or even Mak Hill drift? 
Although Halfmoon Bay drift is known to contain erratics from the Aleutian Range 
to the east (Muller, 1952a), drift in the lower Naknek River valley may also record an ice 
contribution originating from either the Alaska Range (to the north), or the Wood River 
Range (at the head of Nushagak Bay). To determine the ice source area(s) for the Naknek 
River valley drift, I sampled drift from the upper Naknek River valley (Aleutian Range 
source; Figure 1, site 1), the upper Kvichak River (Alaska Range source; Figure 1, sites 2 
and 3), and the Dillingham area (Wood River Range source; Figure 1, site 4); the chemical 
and physical properties were statistically compared to the drift in the lower Naknek River 
valley. 
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Interpreting the origin of the moraine-like ridges in the study area is fundamental to 
assessing the number of pre-late-Wisconsin ice advances recorded in the lower Naknek 
River valley (Figure 5). Two semi-arcuate ridges, which stand up to 50 m above the 
surrounding lowlands, cross the lower Naknek River valley . Air photo interpretation led 
previous workers to ascribe these landforms to deposition at a stable ice margin (i.e., 
terminal moraines). However, Lea (1990a) has shown that topographic ridges around 
Nushagak Bay are not true moraines. Exposures along the wave-cut bluffs reveal that 
these ridges formed by sediment thickening caused by ice thrusting. Thus, moraine-like 
ridges, which have been assumed to represent separate glacial advances, may actually be 
ice-thrust ridges formed during one advance . 
This thesis first presents the field and laboratory methods used to characterize the 
drift The resulting data are then combined with field descriptions of the sediments. I use 
facies analysis to interpret their depositional environment, and statistical analysis of their 
chemical and physical properties to asses the number of pre-late-Wisconsin glacier 
advances, and the probable source areas . Finally, geochronological evidence is presented 
that confines the age of the drift. Amino-acid ratios and radiocarbon activity measured in 
shells from drift, and thermoluminescence age estimates on glacio-estuarine deposits and 
on a diamicton adjacent to basalt, provide numerical-age control on the drift. 
----,.....,..,,.-,---
158' 
Iliamna Ontlet Lobe 
156' 
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Figure 5. Topographic ridges in the Kvichak Bay region. Vertical-ruled 
pattern is late-Wisconsin moraines . Arrows identify major sources of ice 
into the K vichak Bay lowlands. 
METHODS 
Although the exposures in the Naknek River valley are continuous for several 
hundred meters in places, vegetation and mass wasting preclude physical tracing of units 
along the entire river. Furthermore, glacially tectonized sediments exhibit a complex 
geometry and hamper strati.graphic correlations . Drift-characterization techniques aid in 
correlation, especially if the measurements prove sensitive enough to distinguish drift 
derived from overlapping source areas. 
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To correlate stratigraphic units between exposures along the river, several 
measurements related to clast frequency, size, and lithology were made on diamictons in 
the field, and samples of diamictons were collected for further analysis in the laboratory . 
These analyses include: grain size, coarse-sand lithology, pH, electrical conductivity, and 
magnetic susceptibility. The techniques used here have proven useful in other areas (e.g., 
Goldthwait, 1971; Fenton and Dreimanis, 1976; Karrow, 1976; Mooers, 1990). 
Field Measurements 
Strati.graphic sections were measured at 20 sites along the lower Naknek River 
(Figure 2), from Paul's Creek to Kvichak Bay, according to standard methods (e.g., Eyles 
et al., 1983; Figure 6). This study focuses on six sites (Figure 2): Horseshoe Bend (#3), 
Horseshoe Point (#2), Coffee Point (#9), Leader Creek (#8), Cape Suwarof (#13), and 
Telephone Point (#6). These sites were chosen because: 1) they provide representative 
facies at various sites along the entire lower Naknek River, and 2) each has unique 
characteristics not found at other sites. Heights were measured using a hand-held level, 
and are probably accurate to within 5 %. Since the entire study area along the river is 
ti.dally influenced (average daily tidal range of 8.6 m), the monthly (July) high-ti.de level (as 
evidenced by recent bank cutting and flotsam) was used as base level for each section. 
25 
20 
,....._ 
l 
'o 15 ~ 
~ 
(I.) 
> 
..8 10 
ro 
~ 
i 
5 
0 
~ Diamicton (showing 
LA.J relative size and 
concentration) 
llll Sand (massive) 
lfflffi'I Grav el (size 
~ relative 
to clast size) 
~Basalt 
~~---
0 
PCl.l 
4 
4 
4 
4 4 
4 
4 
4 
4 
4 
-
G 
HP2 
peat 
~ 4 
4 
4 ... 
::d ... 
4 4 
= 
4 
4 ... 
4 
= 
4 4 
4 4 
E==J Horizontally 
l=:::::I bedded sediments 
(7'.01 Cross-bedded 
~ sediments 
II Organic-rich mud 
8 Holocene Peat 
0 
HP! 
.~ 
4 j. I 
... ... 
... 
... ... I 
r-r, 
S p C I f l ~ t 1 fl~~~ 
A 
Downriver • 
8 
HBI 
8 
HB2.l 
8 
... 
HB3 
... 
4 4 
I ,- 1[#13) 
... 
4 
i 
4 
... 1[#18)[#30) 
... 4 
... 
4 I = ... ... 
4 • [#171[#31 I
... 
I ... • l'"'~J I cover 
4 
... 
(#15) 
(#16) 
4 4 
1 fl~i~ I f I I I S p C r, p C 
Figure 6. Stratigraphic sections measured along the lower Naknek River valley. Horizontal scale is relative grain size 
(f, fines [clay and silt]; s, sand; p, pebble; c, cobble; r, rock [basalt]). Numbers in brackets are sample numbers 
used in cluster analysis and referred to in Appendix A. Circled numbers and names above each column relate to sample 
locations shown in Figure 2. -w 
-.. 
l 
] 
~ 
IL) 
ti) 
IL) 
~ 
i 
~ 
30 
25 
20 
15 
10 
5 
0 
0 
KU! 
... 
~ Diamicton (showing 
L6_J relative size and 
concentration) 
- Sand (massive) 
lfflffllJ Gravel (size 
~relative 
to clast size) 
8] Basalt 
--
@ 
FPl.l 
... 
... 
... 
... 
... 
... ... 
.... .... 
... 
... 
... 
... 
... 
... 
... 
... 
.... 
... 
... 
... 
... 
... 
r, 
p C 
... 
... .... 
E=I Horizontally 
l::::::::J bedded sediments 
V,7,'.;l Cross-bedded 
l::LLJ sediments 
II Organic-rich mud 
I peat I Holocene Peat 
(#25) 
(#24) 
(#23) 
E) 
FP21 
.... ... 
... 
... ... 
... 
... 
... 
... 
... 
cover 
cover 
... 
... 
... 
[#26) 
' 
C n r, p C 
Downriver ..., 
8 
TP2.l 
~ .. ,,t;1'}9J,l#20) 
' ' ' ' ' ' ' /////// 
.... ,,,,,, 
/ / / / / / / ,,,,,,, 
/////// 
' ' ' ' ' ' ' / / ., / / / / 
' ' ' ' ' ' ' / / / / / / / 
''''''' /////// ,,,,,,, 
/////// 
..__,,,,,, 
/////// 
',.',.'Basalt.',.',. 
' ' ' ' ' ' ' ,. ,. ,. ,. ,. ,. ,. 
' ' ' ' ' ' ' / ,. ,. ,. ,. ,. ,. 
' ' ' ' ' ' ' ,. ,. ,. ,. ,. ,. ,. 
.... ,,,,,, 
,.,.,.,.,.,.,. 
''''''' 
,.,..,.,,.,.,. 
''''''' 
,. ,. ,. ,. ,. ,. ,. 
''''''' 
,.,.,.,.,.,.,. 
''''''' ////,.// 
·~ ' ' ' ' ' ' ,. / ,. ,. ,. / / ,,,,,,, 
{ I I I < _t 
.A .A I [#21 )[#22) 
A A 
•• 
A 
A 
.A .A 
r, 
p C 
8 
TP3.l 
f¥J ~A I 
I A ~I [#481 A A 
t
.,..,,..,.,,,,. 
' ' ' ' ' ' ,. ,. ,. ,. ,. ,. ,. 
' ' ' ' ' ' ,.,.,.,.,. ,.,. 
' ' ' ' ' ' 1·,- ,. ,. / ,. ,. ,. 
"''''''' ,. ,. ,. " ,. ,. ,. 
''' '' ' 
.,,.,.,.,.,.., 
' ' ' ' ' ' ,.,.,.,.,.,.,. 
' ' ' ' ' ' ,. ,. ,. ,. / ,. ,. 
' ' ' ' ' ' / ,. ,. ,. ,. ,. ,. 
'''''' 
... 
... 
l. 
A 
l. 
.A 
l. 
l. 
Palagonite 
l. I [#2) 
l. 
l. 
.A 
... 
.A 
[#49) 
[#1)(#29] 
r, 
p C 
Figure 6 (continued) 
0 
!..NI 
.A l. 
•• 
.A l. 
l. 
... 
.A 
... 
cover 
B 
r, 
p C 
...... 
~ 
30~ 
-
..... 
~~ 
V) 
cl:! 
20 -j 8 
'--' 
..... 
Cl) 
> Cl) 
..... 
cl:! 
Cl) 
V) 
Cl) 15 
.8 
cl:! 
V) 
B 
Cl) 
~ 10 
5 
0 
Cl) 
LCl.1 
... 
' 
... 
I ,.. ... 
... ... 
...... 
... 
... 
cover 
ri 
I 
... 
r, 
p C 
Downriver 
0 
LCl.2 
... 
... 
... ... 
... 
... 
... ... 
I _.. _.. 
cover 
f I I I S p C 
~ 
0 
CPI 
... 
... ... 
... ... .. 
............ 
... ...... 
... 
... 
... 
cover 
~ Diamjcton (showing 1 . . d re at.Ive size an 
concentration) 
II Sand (massive) 
lffl!ffi Gravel (size 
l2i22) relative 
to clast size) 
EZ] Basalt 
---
• SN! 
peat 
... 
... 
... 
... 
... 
... 
-
... 
... ... 
= 
... ... 
... 
......... 
cover 
f!it} 't!it 
Figure 6 (continued) 
E:J Horizontally 
l:==l bedded sediments 
w/1 Cross-bedded 
l'.Ld sediments 
- Organic-rich mud 
B Holocene Peat 
• NP! 
• 
cover 
r, 
p C 
BF! 
... 
... ... 
... 
... 
... ... 
= 
-\ .........  
... I' ...... ... 
... ... " 
cover 
r, 
p C 
C 
>-' 
VI 
30 j 
Downriver 
::=:- ~J • • en CS3.2 <tS ~ CS2.2 E 
-
Q) 20 
> ~ 
<tS A A Q) A 
en 
Q) A A A A 
> IS 0 A 
.0 A A A 
<tS A 
~ A A A A 
Q) A 
-Q) ~ 10 
~ 
A A 
A. A 
~ I 
s 
0 
---j I cover I cover 
f ! I I I p c r I f I I 8 p ~ 
• 
• CS2.1 
A 
A 
A A 
A 
A 
A 
A A 
A A 
cover 
(#35) 
... 1 (#34) 
r, 
p C 
~ Djamjcton (showing 
LA.J relative size and 
concentration) 
Bl Sand (massive) 
fflffl!J Gravel (size 
~ relative 
to clast size) 
r:<?I Basalt 
~---
• CS! 
A 
IA ..,[#33] 
r, 
C r 
Figure 6 (continued) 
D 
E=1 Horizontally 
l=:::::i bedded sediments 
~ Cross-bedded 
l'.:LL:I sediments 
- Organic-rich mud 
E] Holocene Peat 
..... 
0\ 
17 
At each exposure, the number of diamicton beds was determined based on: 1) the 
presence of stratigraphic breaks, 2) obvious changes in color, stoniness, or compacmess, 
or 3) zones of groundwater discharge, marking a change in matrix grain size. After 
determining the number of diamicton beds present, I took a random collection of diamicton 
matrices. A 4 .7-liter bucket was filled twice, but not packed, with sediment. Clasts larger 
than about 20 cm were excluded from this sample . The sample was sieved to collect all 
> 1.25-cm-diameter clasts ; these clasts were counted and divided by 9.4 to obtain clast 
frequency (clast s / liter) . The length of the major axis of 20 randomly selected pebbles 
(> 1.25 cm diameter) was measured to determine mean clast size for each diamicton bed . 
The lithology of a subsample of 50 pebbles was determined. 
A magnetic susceptibility (MS) meter (Exploranium Kappameter KT-9) was used to 
measure the MS of diamictons at several sites . However, MS readings varied widely 
within any unit, even within a 4 cm2 area (e.g., a typical range was from 10.0 to 20 .5 SI 
units, more than a factor of 2). This variability was probably the result of buried clasts in 
the diamicton . A concealed pebble or granule could have changed the MS reading 
significantly . MS measurements made in the laboratory were more stable, since clasts > 2 
mm had been removed. 
Laboratory Measurements 
Grain-size distribution is an effective criterion for distinguishing drift units 
(Goldthwait, 1971; Karrow, 1976). Standard sieve and pipette methods (e.g., Folk, 1974) 
were used, with minor modifications (Appendix B). 
Lithology of the very coarse sand (1-2 mm) has been used to characterize drift 
(e.g., Fenton and Dreimanis, 1976; Mooers, 1990), although the categories used are not as 
specific as those used when determining pebble lithology. For sand mineralogy, the very 
coarse sand (1-2 mm) fraction was taken from the sieve sample, and 100 grains were 
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classified under a binocular microscope. Two counts were made on the grains. First, the 
grains were classified by their basic composition: felsic, mafic, or other, which includes 
sedimentary , metamorphic, and unidentifiable clasts. Next , they were subdivided by 
texture: intrusive (coarse-crystalline), extrusive (fine-crystalline), and mono-minerallic 
(only one mineral represented) . 
The pH was measured to determine the acidity of each sample. The bulk sample 
was dry-sieved at 2 mm (1 0) ; 8.00 g of the < 2 mm fraction was placed in a 30-ml beaker 
with 20 ml distilled, deionized water . The mixture was thoroughly stirred and allowed to 
equilibrate for 30 minutes. The pH was measured three times for each sample. 
The electrical conductivity (EC) was measured on the same solution used for pH 
determination . First, the pH mixture was transferred to a 100-ml beaker. Another 2.00 g 
of the sample ( < 2 mm), and 30 ml of distilled, deionized water were added, and the new 
mixture was stirred for another 30 !Ilinutes . The mixture was then filtered through No. 1 
filter paper. The EC was measured from the resulting slurry. 
MS was determined on an aliquot of the < 2 mm matrix by Donald Rodbell (Byrd 
Polar Research Center, The Ohio State University). MS measures the ease with which 
material can be magnetized (Thompson and Oldfield, 1986). A second measurement, 
frequency-dependent susceptibility , is an indicator of the relative abundance of very fine-
grained ( <0.05 µm) magnetite (Thompson and Oldfield, 1986). MS can be used as a 
proxy for time-consuming heavy mineral analysis, because it is proportional to the 
ferromagnetic content (Mooers, 1990). 
Finally, X-ray diffraction (XRD) techniques were used to study the clay mineralogy 
of some samples. A clay extract was taken from a graduated cylinder (after allowing the 
silt to settle, according to Stoke's Law). The clay slurry was evaporated at room 
temperature, then partially reconstituted, and placed on a glass slide. Standard XRD 
methods were used, at 30 amps and 16 KHz with a copper filament. 
Statistical Analysis 
Given the variety of parameters used to characterize each diarnicton, multivariate 
statistics were needed to consolidate the data and assess similarities and differences. 
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Cluster analysis was used to calculate and graphically display similarities and differences of 
each sample to all others in a population (see Davis, 1986, for a review of the technique). 
The results are displayed as a dendrogram. Samples most closely spaced on the diagram 
are most similar; groups of samples connected by longer lines are less similar. The 
shortfall of this method is that it does not indicate which characteristics are most significant 
in differentiating between samples. To address this second question, principal components 
analysis (PCA) was performed on the data. PCA determines which components (the 
principal components) account for the most variability between samples, and which 
measurements correlate most strongly to these principal components. For both multivariate 
methods, the data were first normalized by subtracting the mean and dividing by the 
standard deviation; this normalization results in variables with mean values of zero, and 
standard deviations of one. Distances were calculated using Euclidean distance; I used 
unweighted pair groups as the clustering method, and the tolerance of eigenanalysis for 
PCA was set at lxl0- 6. All calculations were performed using the statistical package 
MVSP. 
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F ACIES DESCRIPTION 
Facies 1: Diamictons 
Each stratigraphic section contains 1-4 diamicton units. The diamictons form 
massive, matrix-supported beds that are typically separated by thin (-5 cm thick), stone-
free layers. These stratified layers are discussed under facies 3 and 4. In some places, the 
diamictons are separated by enrichments in clast concentration at the top of the underlying 
diamicton bed. For example, the lower diamicton at HPl and the upper diamicton at HB 1 
each show a concentration of clasts at the top of the units (refer to Figure 2 for locations 
and Figure 6 for stratigraphic sections at all sites). 
The diamicton beds are typically 4-7 m thick, although some are as thin as 2 cm, 
and others as thick as 10 m. Elevations of the diamictons range up to - 30 masl. There is 
no obvious trend in the number or thickness of diamicton beds downriver (Figures 7a and 
7b). The 95% confidence intervals about the slopes of the regression lines encompass a 
slope of 0 for all but clast frequency (Figure 7c). 
Diamicton matrices are composed primarily (50-70%) of sand and silt (Appendix 
A). None of the diamictons sampled in the lower Naknek River valley contain more than 
40% clay; most contain less than 20% clay (Figure 8). 
Clast concentration (clasts >2 mm) in the diamicton samples ranges from 0.5 to 32 
clasts/liter, with an average of 10 clasts/liter (Appendix A). Generally, clast frequency 
decreases downstream (Figure 7c). Average clast size in the diamicton samples is 3.1 cm; 
sizes range from 2.4 to 3.6 cm (Appendix A). Clasts larger than -20 cm (coarse pebbles 
and cobbles) are typically present but were not included in the sample. There is no trend in 
clast size downstream (Figure 7 d). Clast orientation was not measured in the field, because 
few units contained enough elongate clasts to make measurements. However, careful 
observation indicated no preferred orientations. 
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Figure 7. Scatter plots of various diamicton properties versus distance 
downriver from Paul's Creek. A-number of diamictons; B-diamicton 
thickness; C-average diamicton clast size; D-diamicton clast frequency. 
Solid line is regression line; dashed lines are 95% confidence intervals (CI) 
about the slope of the regression line. 
C 
25.0 
22.5 • 
20.0 
17.5 • 
15.0 ... 
• ... ... ... 12.5 • • >. u c:: g 10.0 - - - - - • - - -
O' • • J: 7.5 
• 5.0 
2.5 •• • 
0-t----""T"'""---,---------------"'"'T""--------+-
o 
D 
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 
Distance downriver from 
Paul's Creek (km) 
4.0-+--___ ....._  _.__ _ _._ __ _,_ _ __,_ __ ___.___.,___.___...__.__------+ 
3.8 
3.6 • 
• 
• 
• ... 
• ... ~ ........... • 
8 3.4 • 
• • (.) '-" (1.) 
N 
·-Cl:l 
... 
"-' 
c::s 
... 
3.2~:-::-~~.~~i~---~:=:-="'---,,,;;,=::~:....:.:~J 3.0 t-- - - -. - - - - - - - • --- --·--
-
-
... 
• 
... 
... 
... 0 2.8. • ........ 
• • 2.6 • • • • 2.4 • 
2.2---------""T"'""---------- ........ --.----,...-,--
0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 
Distance downriver from 
Paul's Creek (km) 
Figure 7 (continued) 
22 
I 
23 
Explanation 
+ Lower Naknek River valley 
A Nushagak Bay (Wood River 
Range source) 
0 K vichak & Iliamna 
late Wisconsin moraines 
\ 
100 
0 -f--------~-..-------..-------..-------...--~.....--100 80 60 40 
----% Silt 
20 0 
Figure 8. Ternary diagram of grain-size distribution in diamicton matrices. 
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Sand and Gravel Units 
Facies 2: Deformed Sand with White Tephra 
At Horseshoe Bend (HB 1 and HB2.1 ), the two lower diarnicton beds are separated 
by a thick (-4 m) layer of massive (?), deformed, fine to very fine sand 2-6 masl. The 
sand is overlain by a thin ( <1 m) laminated mud unit. The sand and mud extend< 500 m 
along the river, but are absent in exposures directly across the river at Horseshoe Point. 
Preexisting sedimentary structures cannot be determined because the deformation is 
extensive. The deformation at this site and others is discussed below. The sand unit thins 
downriver, where the sand grades into a poorly sorted, massive, oxidized gravel wedge 
that pinches out -3 m farther downriver. The contact between the gravel and the lower 
diamicton is sharp and erosional. 
The sand contains two layers of white tephra, each -5 cm thick and capped by a 
thin ( <1 cm) layer of darker material (organics or black tephra) (Figure 9). Charlie Meyer 
(U.S. Geological Survey) was commissioned to determine the major-element chemistry of 
glass shards in the tephra using an electron microscope probe. The results show that the 
chemistry of the two ash layers is nearly identical (Table 2). Jim Riehle (U.S. Geological 
Survey) then compared the geochemical data with his database of Alaska Peninsula tephra 
and obtained a high similarity coefficient(> 0.95) with Holocene ash from Mt. Augustine. 
Although the similarity in chemistry indicates that the tephra erupted from Mt. Augustine, 
abundant geochronologic data (see below) clearly demonstrate that the tephra at Horseshoe 
Bend predates the Holocene. Apparently, this is the first pre-late Wisconsin eruption of 
Mt. Augustine to have been recognized (Jim Riehle, pers. comm., 1995). 
Facies 3: Stratified Sand and Gravel 
Thick layers ( < 7 m) of sand and gravel are first found at Fishery Point (#5, Figure 
2), and become more prominent in sections downriver . These units underlie one or more 
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Figur e 9. Tephra layers in sand of Facies 2, Horseshoe Bend . 
TABLE 2. MAJOR-ELEMENT CT-IEMISTRY OF GLASS SHARDS IN THE TWO 
TEPHRA LAYERS IN FACIES 2, HORSESHOE BEND. 
Lower tephra Upper tephra Grand 
mean (wt%) SD mean(wt %) SD mean 
Na2O 4.07 0.39 3.93 0.69 4.00 
MgO 0.20 0.05 0.20 0.06 0.20 
Al2O3 11.92 0.35 12.00 0.47 11.96 
SiO2 71.90 1.54 72.65 1.32 72.28 
K2O 2.43 0.09 2.63 0.78 2.53 
eao 1.18 0.18 1.18 0.24 1.18 
TiO2 0.25 0.07 0.22 0.06 0.24 
MnO 0.06 0.03 0.05 0.02 0.06 
FeO 1.12 0.16 1.20 0.18 1.16 
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diamicton beds, and generally form coarsening upward sequences, from fine sand and silt 
to pebbles and cobbles (e.g., Lower Naknek [LNl], Leader Creek [LCl.1], Coffee Point 
[CPI], and Cape Suwarof [CS3.2]). An exception to the coarsening-upward sequence is 
the lower sedimentary package at Fishery Point (FPl.1). Here, a fining-upward sequence 
is exposed from sea level to about 5 masl. Elsewhere the lower sand-and-gravel sequence 
extends from sea level to -10 masl. 
Individual beds are 0.1 - 2.5 m thick, and are well sorted. Clasts in the gravel 
layers are well rounded and typically imbricated. These layers are continuous for tens of 
meters , and often marked by channel structures and varying directions of imbrication 
(Figure 10). A westward paleo-flow direction is most common , although pockets of 
imbricated gravel indicate flow to the east and south; ripple marks and cross bedding in the 
sand also indicate a westward flow. 
F acies 4: Stratified Sand and Silt 
Sand and silt beds 2-4 m thick are common between diamicton beds at Leader 
Creek, Coffee Point, Big Flats, and Cape Suwarof (LC, CP, BF, and CS, respectively) . 
At the upriver sites, the layers are too thin to show sedimentary structures or are massive . 
Thicker units near the mouth of the Naknek River show the following features: 1) well-
sorted beds of sand or silt; 2) bi-directional ripple marks (herringbone cross strata) and 
oscillatory ripple marks (Figure 11); 3) horizontally laminated fine sand and silt (Figure 
12); and 4) convolute bedding features (most prominent at Coffee Point, Figure 12). This 
facies is typically found below 12 masl, although at Leader Creek (LCl.1), a sand bed 
extends to over 19 masl. This elevation must be interpreted cautiously, however, since the 
sediments at Leader Creek have clearly been deformed. 
Unlike Facies 3, Facies 4 is laterally continuous for hundreds of meters, and is 
traceable to sites across the river. Facies 4 first shows strong evidence of the sedimentary 
Figure 10. Sand and gravel unit (Facies 3) at Cape Suwarof (CS3), 
showing channel fill (arrow) and imbricated gravels below a diamicton 
(Facies 1). 
Figure 11. Herringbone cross strata (marked by arrow) in Facies 4, 
Halfmoon Bay. 
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Figure 12. Horizontally laminated fine sand and silt (marked by arrow) 
overlying convoluted beds with silt drapes (Facies 4) at Coffee Point 
(CPl ). Darker layers are sand; lighter layers are silt. 
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structures (listed above) at Leader Creek (LC). If the sand and silt in sections closer to 
Kvichak Bay are correlative with the thin, stone-free layers that separate diamicton beds at 
upriver sites, then this facies extends for tens of kilometers and thickens downriver. 
Facies 5: Organic-Rich Mud 
Two exposures at Cape Suwarof (CS3.2 and CS 1) contain organic -rich, massive, 
poorly sorted, fine-f,rrained sediment. At both exposures, the mud unit overlies the 
uppermost diamicton and underlies the capping sand (Facies 6). At CS 1, two organic-rich 
horizons are present (70 and 30 cm thick), separated by 20 cm of less-organic sediment. 
The upper organic-rich horizon is capped by dense, blue-grey mud. 
Facies 6: Capping Sand 
Nearly every exposure in the Naknek River valley is capped by a 1- to 2-m-thick 
layer of well-sorted fine to medium sand . This sand is massive or has subhorizontal 
laminations, and is less continuous laterally than Facies 3 or 4. It is never overlain by a 
diamicton, and typically supports a layer of Holocene peat 
Deformed Sediments 
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Several exposures along the lower Naknek River show deformed sediment. At 
Horseshoe Point (HPl.1), a unit partially exposed at and below high tide dips in places as 
much as 53° to the east (Table 3). This unit comprises thinly bedded (cm -scale), compact , 
stony mud and laminated silt (Figures 13a and 13b). If this layer were not laminated, then 
the deformation would not be obvious. Although the overlying diamictons are massive, the 
intervening sand and silt layers suggest that they have also been deformed. These finer-
grained layers pinch and swell and occur at varying elevations throughout the exposure . 
Across the river to the south, at Horseshoe Bend, the aforementioned tephra-bearing sand 
has numerous small -scale faults (a few centimeters offset) and folds within one larger 
(-150 m) anticlinal fold (Figures 14a and 14b). 
TABLE 3. STRIKE AND DIP MEASUREMENTS FROM THE 
COMPACT, STONY MUD AT HORSESHOE POINT. 
Strike Dip 
342° 20°E 
328° 28°E 
346° 24°E 
344° 30°E 
346° 22°E 
036° 42°E 
015° 53°E 
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Figure 13. Deformation features at Horseshoe Point (HP). A-compact, 
stony mud (marked by arrow) exposed below the beach deposits. 
Maximum measured dip of this unit is 53°. View to the northeast (upriver). 
B-detail of stony mud, showing small-scale faulting (knife is 10 cm 
long). 
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B 
Figure 14. Deformation features at Horseshoe Bend (HB). A-anticlinal 
fold. Deformed lower diamicton (Dmm) and sand (Sm) are truncated by an 
undeformed diamicton bed and sand (Sh). White dashed line marks 
location of the two tephra layers (shown in B). B-small scale faults and 
folds in tephra (trowel is approximately 25 cm long). 
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Sites downriver from Horseshoe Point also reveal folded and faulted sediment. At 
Leader Creek (LC), where Facies 4 rises to 17 masl, a gently-dipping 1 (-5°), NW-trending 
syncline extends the length of exposure (- 1 km), and at Cape Suwarof (CS), several 
tighter folds (dipping 20-32°) are exposed, with axes trending NE (Figure 15). At each of 
these sites, only some of the units are deformed. These deformed layers are always 
overlain by, and occasionally underlain by, undeformed sediment. The upper surface of all 
defom1ed sediment is truncated by an angular unconformity, and is overlain by an 
undeformed diamicton (Figure 13b). The highest bluffs in the lower Naknek River valley 
all contain defo1med sediments. 
Figure 15. Syncline at Cape Suwarof (CSl). Bluff is recessed in the 
middle, adding some distortion to the photograph. Upper sand (Sh) and 
diamicton (Dmm) units are undeformed. Total height of exposure = 13 m. 
1 Dip measurements and axial trends are approximate. Since the exposures rarely reveal 
the folds in three dimensions, and excavation was impractical, all measurements are 
apparent dip and trend. Furthermore, synclines and anticlines may plunge perpendicular 
to the exposures. At Horseshoe Bend, for example, the anticline probably plunges 
southward. 
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Telephone Point Basalt 
One site in the Naknek River valley (Telephone Point, TP2.1 and TP3.l) contains 
two prominent exposures (- 100 m wide and 10 m high) of basalt. The basalt lies 
stratigraphically between diamictons; two diamictons are below the basalt; and one overlies 
it. The two exposures are separated laterally by -3 m of diamicton that extends up through 
the section (Figure 16a). Where the basalt overlies diamicton, the contact is characterized 
by zones of red, yellow, and green palagonite, and a brecciated layer. The palagonite 
layers are as much as 4 m thick, and the breccia is up to 1.5 m thick (Figure 16b). The 
contact between the palagonite and lower diamicton is highly irregular, with small diapir-
like structures of the diarnicton intruded upward into the basalt (Figure 16c ). The 
underlying diamicton, and these inclusions, are not reddened or inundated as might occur if 
they had been baked by the overlying basalt. 
The basalt is highly fractured, with an extensive network of calcite veins. 
Brecciated basalt is common near the base and edges of the flow. The most prominent 
feature of the exposure is a large(> 10 m high by 3 m wide) vertical zone of tightly 
cemented and brecciated basalt. This zone extends from near the base of the basalt to the 
upper contact. Flow banding, which is nearly horizontal far from the pipe, steepens 
rapidly near this zone (Figure 16d). 
Basalt is found only in the Telephone Point expo ,sure. No definite source for the 
basalt ( other than possibly at Telephone Point itself) was found. However, since the basalt 
is capped by a diamicton, suggesting a posteruption glacial advance, other exposures and 
the source may be buried by drift or eroded by glacier ice. 
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B 
Figure 16. Telephone Point basalt and associated features. 
A-diamicton (Dmm) that vertically separates the two main exposures of 
basalt (total height of bluff approximately 22 m). B-thick palagonite zone 
and breccia layer between basalt and a diamicton bed (Dmm). Shove is 
approximately 80 cm long. C-diamicton "diapir" surrounded by basalt 
and breccia on three sides. "X" marks location where TL and XRD samples 
were taken. Shove is approximately 80 cm long. D-breccia pipe (BP) and 
flow banding (white lines) in basalt, overlying diamicton beds (Dmm). 
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Figure 16 (continued) 
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STRATIGRAPHIC INTERPRETATION 
Facies 1: Diamictons 
The diarnictons exposed along the lower Naknek River may be of two possible 
origins : 1) basal till deposited in contact with glacier ice, or 2) flow till that originated from 
a glacier front or from an over-steepened drift ridge (cf. Lea , 1990a). Because Kvichak 
Bay (and probably paleo-Kvichak Bay) is shallow (water depths< 50 m), icebergs 
probably were not a major source of glacial sediment . Therefore , the diarnictons are 
probably not dropstone sediments, as described in most glacial -marine settings (e.g., Eyles 
et al., 1983). 
The sorted layers that separate the diarnicton beds are evidence of water -reworking 
of the underlying diarnicton during or after deposition, or subaqueous deposition after 
diarnicton emplacement. The lateral continuity of the "washed" layers, and lack of scoured 
lower contacts, suggests that they are not fluvial deposits. Instead, they were deposited 
under either subglacial or estuarine standing water. If the sorted layers were subglacially 
derived, then the associated diarnicton beds are probably basal till. If the sorted layers 
record estuarine conditions, then the diarnicton beds are probably (at least in part) gravity 
sediment flow deposits. I prefer this alternative explanation for most of the diarnicton 
beds, for reasons discussed under "Facies 4," below. The uppermost diarnicton bed, on 
the other hand, often overlies a planar unconformity, suggesting it is basal till. 
Facies 2: Deformed Sand with White Tephra 
The sand and silt exposed at Horseshoe Bend may represent a lacustrine, estuarine, 
or calm-water fluvial environment. Although sedimentary structures are not present in the 
sand, the presence of a laterally continuous tephra bed points to a quiet depositional 
environment. The localized nature of the deposit suggests deposition in a small lake or 
river eddy; however, the full extent of the unit is unknown. The gravel wedge at the 
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western end of the sand represents a higher-energy environment; it may be a beach or river-
channel deposit. 
Fades 3: Stratified Sand and Gravel 
The coarsening-upward sequence of sand and gravel at the base of some exposures 
may represent either outwash of an aggrading braided-river plain during glacier advance or 
a marine regression in a nearshore environment. Imbrication of the gravels, and gravel 
lenses resting on scoured erosional surfaces (paleo-channels) are characteristic of fluvial 
deposits . The coarsening-upward sequence of sand and gravel is typical of ice-proximal 
braided-stream systems (Boothroyd and Nummedal, 1978). In this model, the lower 
sandy units represent an ice-distal sandur; as the glacier advances toward the site, the 
outwash coarsens. Finally, as the glacier advances over its outwash plain, the gravel is 
planed and capped by diamicton (basal or flow till). I prefer this interpretation because 
Facies 3 is always overlain by diamicton. Furthermore, in places, Facies 3 comprises 
boulder-size gravel filling channel-scoured lenses (Figure 10). Clasts of this size could 
only have been deposited in an ice-proximal or subglacial meltwater sn·eam. 
Facies 4: Stratified Sand and Silt 
Interpreting the depositional environment of the water-deposited, or water-
reworked, sediment interstratified between the diamictons (Facies 4) is crucial to determine 
the origin of the diamictons, and thus the number of glacier advances that are represented. 
This facies may record either: 1) subaerial conditions associated with a significant glacier 
reorganization, involving a full ice retreat and readvance; 2) reworking by subglacial 
meltwater during a single glaciation; or, 3) deposition and/or reworking in a glacial-marine 
environment. If the first interpretation is correct, then the sorted layers should show 
subaerial features, including soil development or periglacial indicators. If the sorted layers 
are subglacial meltwater deposits, then fluvial structures such as ripple cross strata, 
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channels, and scour-and-fill features should be present. If the stratified layers are estuarine 
sediments, then they should show evidence of tidally or subtidally influenced 
sedimentation, including bi-directional flow indicators (e.g., herringbone cross strata) , silt 
drapes, horizontally laminated sand and silt beds, silt intraclasts, convolute bedding, and/or 
reactivation surfaces . Intertidal deposits are also laterally continuous, well-sorted, and 
rhythmically bedded (Lea, 1990a; Klein, 1985) . 
The lateral continuity and numerous sedimentary structures of Facies 4 are 
characteristic of intertidal deposits . In particular, the bi-directional ripple marks found at 
Coffee Point and Leader Creek (CP and LC, respectively) support this interpretation . Lea 
(1990a ) and Lea et al. (1993) identified estuarine and glacio-estuarine deposits at several 
sites along the coastal bluffs of Nushagak and K vichak bays. Many of the sedimentary 
structures that they used to identify the intertidal deposits exist in Facies 4 as well . The 
herringbone structures show two opposing current directions during deposition, indicative 
of tidal conditions . The convoluted beds are typified by coarser sand draped with silt, a 
dewatering feature indicative of an intertidal environment. Although the well-sorted, 
horizontally laminated, and rhythmically bedded layers of sand and silt are not necessarily 
diagnostic features of an estuarine environment, their presence supports an estuarine 
interpretation. Finally, Facies 4 thickens downriver, towards Kvichak Bay. In an estuary, 
thicker sediment is deposited in deeper water; estuarine deposits prevail as diamictons 
become more scarce seaward. The stacked diamicton beds may be sediment-gravity flow 
deposits (flow tills), and the washed layers between the diamictons might record marine 
(estuarine) reworking of the deposits between sediment flow events. 
Facies 5: Organic-Rich Mud 
The organic-rich mud near the top of sections CSl and CS3.2 is interpreted as: 1) 
deposits of small and shallow ponds; or, 2) colluvial deposits mantling swales on a low- to 
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moderate-relief vegetated landscape (Lea et al., 1991). Tiris unit, the Etolin complex of Lea 
et al. (1991), may be broadly considered a paleosol, but true horizonation is poorly 
expressed. Fossil beetle and pollen data from the base of the Etolin complex in the 
Nushagak Bay lowland indicate that it accumulated during wet and warm conditions, but 
not as warm as present. Stratigraphically higher samples suggest colder-than-present 
conditions. Radiocarbon and paleoecological data suggest correlation with the middle 
Wisconsin non-glacial interval (marine oxygen-isotope stage 3; Lea et al., 1991). 
Facies 6: Capping Sand 
Sand of Facies 6 is interpreted as sand-sheet deposits, based on sorting and 
subhorizontal laminations. Its finer-grained, massive phase is considered loess, and the 
two are intercalated in places (Lea, 1990b; Lea and Waythomas, 1990). At Leader Creek 
(LCl.1), this uppermost sand is currently being reworked by wind, forming Holocene 
cliff-head dunes. This unit, the lgushik Formation of Lea et al. (1991), is widespread over 
the Bristol Bay Lowlands, where it has been described in detail and dated by radiocarbon to 
the late Wisconsin. 
Deformed Sediments 
Lea (1990a) documented glacially tectonized sediment in the coastal bluffs of 
Nushagak and Kvichak bays. In his model, the arcuate ridges in the region were formed 
by sediment thickening by localized thrusting and folding at the front of a glacier as it 
advanced over its proglacial sediment. The proglacial sediment includes gravity-driven 
sediment flows derived from the front of the glacier into the proglacial environment (Facies 
1), glacial outwash (Facies 3), and, with increasing importance towards the coast, intertidal 
deposits (Facies 4), all of which are deformed by the advancing ice. Sediment-flow 
diamictons that are shed from the ice-proximal flank of the thrust ridge, following ice pull-
back from the ridge, conformably overlie the deformed sediments, and those shed from the 
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distal flank are interbedded with undeformed estuarine deposits (Figure 17). In the Naknek 
River valley, some of the overlying diamictons truncate the underlying sediments, 
suggesting they might be basal till, rather than sediment -flow deposits. Nonetheless, 
application of Lea's (1990a) model to the Naknek River valley is further supported by the 
prominent deformation that is exhibited by sediment comprising the topographically highest 
bluffs in the valley (those which might coincide with Mak Hill and Johnston Hill), and the 
less prevalent deformation between them . 
At all sites in the Naknek River valley, the orientation of deformation features 
shows that the primary force (ice advance) was from the east . Since three dimensions of 
the folding could not be observed , the possibility that ice advanced partly from the north , in 
addition to the east, cannot be ruled out. 
Telephone Point Basalt 
Ernest Muller (pers. comm., 1994) noted the presence of basalt at Telephone Point 
in his earlier work , and interpreted it as an erratic in drift I interpret the basalt as a 
localized flow that has not been transported by ice. The thick zone of alteration products 
probably could not have been transported and still remained intact 
The stratigraphic and chronologic significance of the basalt at Telephone Point 
depends greatly on its emplacement environment. If the basalt was erupted subaerially, 
then glaciers were not present in the lower Naknek River valley at that time. On the other 
hand, if the basalt was erupted subglacially, then glaciers were present. The third 
possibility, that the basalt was erupted subaqueously, could indicate either an ice-free or 
ice-covered landscape . Previous studies (e.g., Jones, 1970; Hoare and Coonrad, 1978; 
Porter, 1979) show that basalt erupted subglacially closely resembles (mineralogically and 
morphologically) basalt erupted subaqueously. Heat from pre-erupted basalt under a 
glacier melts the ice prior to eruption, creating an intraglacial lake that the basalt erupts into 
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Figure 17. Schematic illustration of thrust ridge formation in a glacial-estuarine environment (after Lea, 1990). Prior to 
advance, flow tills are shed from the ice front into the intertidal zone where they are reworked by estuary processes and 
interstratified with glacial-fluvial outwash. Upon ice advance, proglacial sediments are thickened by folding and faulting 
at the advancing glacier front. The ridge provides a source for sediment gravity flows off the distal flank and, after retreat 
of the ice, off the proximal flank. t 
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(Jones, 1970). Thus, basalt erupted under a glacier has many of the same characteristics as 
basalt erupted under non-glacially-derived water, such as pillow structures and palagonitic 
weathering. If the flow was extensive, and not subsequently eroded by glaciers, as is the 
case in the Togiak Valley of southwestern Alaska (Hoare and Coonrad, 1978), then the 
resulting landform, a steep-sided, flat-topped butte (tuya), is indicative of subglacial 
eruption. The basalt at Telephone Point, however, is not extensive. Either it was eroded 
by a later ice advance, it was originally small, or its full extent is concealed. Two well-
drilling companies in the Naknek region were contacted, but neither had drilled in the 
immediate vicinity of Telephone Point, and neither had recollection of finding bedrock. 
The Alaska Department of Natural Resources has no record of any wells drilled within a 3-
km radius of Telephone Point (Mary Maurer, pers. comm., 1995). 
The extensive palagonite development at Telephone Point suggests that the basalt 
was erupted subglacially, subaqueously, or both. Faint pillow-like structures exist in the 
basalt, near its base (Figure 18). However, Robertson (1984) notes that pillow structures, 
commonly assumed to represent subaqueous eruption, may be pahoehoe toes and are not 
diagnostic of subaqueous emplacement The convoluted shape of the lower contact is also 
indicative of basalt emplacement on wet sediment. 
A recent study of the basalts of the Snake River Plain (Godchaux et al., 1992) 
provides descriptions and interpretations of phreatomagmatic volcanoes ( eruptions that 
interacted with ground or surface water). In addition to palagonite development, the 
authors note the presence of blocks and bombs, and breccia layers near the base of the 
deposits. Breccia is common at the base and edges of the Telephone Point basalt More 
significantly, Godchaux et al. (1992) describe slurry dikes (coarse peperitic material with 
angular chunks of basalt) and central magmatic "fingers" in subaqueous volcanoes. Their 
description of these features closely resembles the brecciated pipe found at Telephone Point 
(Figure 16d). These similarities support a subaqueous or subglacial interpretation for the 
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Figure 18: Pillow-like feature near the base of the Telephone Point (TP) 
basalt. Shovel is approximately 80 cm long. 
Telephone Point basalt.physical properties of the diamictons above and below the basalt 
also suggest that two The subglaciaVsubaqueous environmental interpretation does not 
resolve whether one or more glaciations are represented by the diamictons over- and 
underlying the Telephone Point basalt. Geochronological evidence, however, does support 
the idea that more than one glaciation is recorded (see below, "Geochronology"). The 
geochemical and advances are represented. The diamictons below the basalt have similar 
properties to each other, but are significantly different from the overlying diamicton. 
The use of thermoluminescence to date the basalt depends upon the baking of 
diamicton below the basalt. If the basalt was erupted subaqueously or subglacially, or if it 
flowed over a thermally insulative brecciated layer, then it is possible that the lower 
diamicton was not sufficiently baked to reset the TL clock (see below, "Geochronology"). 
To test whether the underlying diamicton was baked, two matrix samples were collected: 
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one from the diamicton inclusion in the basalt (most likely to have been baked), and the 
other from a diamicton at the base of the section, 7 m below the basalt (unlikely to have 
been baked). If the sediment had been baked, then kaolinite should not be present because 
it collapses at temperanrres higher than 550° C. X-Ray diffraction (XRD) shows a 
noticeable difference in clay mineralogy between the twco samples (Figure 19). The lower 
sample (Figure 19b) contains kaolinite and little or no chlorite . Assuming that the initial 
clay mineralogy in the sample adjacent to the basalt was the same as in lower sample , then 
the upper diamicton should also contain kaolinite. Beca u se kaolinite shares its two XRD 
peaks with chlorite (which is present in the upper diamicton) , the sample was ooiled in lN 
HCl for 2 hours prior to analysis. The HCl destroys chlcorite but has no effect on kaolinite. 
Therefore, if kaolinite is present in the upper diamicton, then it should show up (as a 
diffraction peak at 7 .25 A [ -12.4 degrees 20]) after boiling. The results show that the 
diamicton immediately below the basalt contains chlorite, but has no kaolinite . The paucity 
of kaolinite in the upper diamicton and its presence in the lower sample strongly suggest 
that the diamicton was heated to >550° C during emplacement of the basalt This 
temperanrre should be sufficient for resetting the 1L clcxck (Forman et al., 1994) . 
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Figure 19. XRD plots (intensity vs. incidence angle) for clay fraction of two 
diamicton matrices at Telephone Point. A--diamcton inclusion in basalt (likely 
baked); B--diamicton ... 7 m below the basalt contact. 
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ST A TISTICAL RES UL TS 
Stratigraphic evidence cannot be used alone to determine the number of advances 
represented by drift in the valley, because: 1) units are not traceable from one exposure to 
the next, 2) many sites have been deformed by overriding ice, further complicating 
correlation, and 3) multiple diamictons were deposited during one advance, as both basal 
till and flow till deposits. 
Cluster Analysis 
The main output of cluster analysis is a dendrogram (see Davis, 1986, for a 
review). Dendrograms show each sample grouped with other samples. The length of the 
horizontal lines associated with two samples is determined by the similarity of the two 
samples; the shorter the line, the more similar the samples. Where a single sample is 
connected to group of samples, that sample is most similar to the group as a whole, rather 
than to any one of the individuals within the group. Vertical position in the dendrogram is 
irrelevant. 
Differentiation of Drift Units 
The first objective in performing the cluster analysis was ascertaining whether 
multiple drift sheets could be recognized and, therefore, the number of advances in the 
Naknek River valley. To this end only data from pre-late-Wisconsin diamictons in the 
Naknek River valley were used (Figure 20). Twenty-three samples were included, seven 
of which are duplicates-separate samples taken from the same diamicton unit at a single 
site. The duplicates serve as a check, gauging the usefulness of the measurements. For the 
tests to be useful in distinguishing individual drift units, the variability within any given 
unit must be less than the variability between units. Thus, duplicate samples should plot 
together on the dendrogram. 
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Results of this analysis show that most of the duplicate samples are grouped 
together. For example, samples 1 and 29 are from the lowest diamicton at Telephone 
Point, and are more similar to each other than to any other diamicton (Figure 20). The 
same is true for duplicate pairs { 15, 16}, {25, 26}, {33, 34}, and { 19, 48}. However, 
three other replicate samples (groups { 3, 28}, { 17, 31} and { 18, 30}) do not plot together. 
Both of these sample pairs are from Horseshoe Bend, where sediment is severely deformed 
(Figures 13a and b ). The processes that deformed the sediments may also have caused 
mixing between units . Nonetheless, the dendrogram of samples from Naknek River valley 
(Figure 20) shows that the variability between different diamicton units is greater than the 
variability within one diamicton. 
Physically and geochemically distinct diamictons should be divided in the 
dendrogram. In addition, if these differences are related to different ice advances, then the 
groupings should be strati.graphically consistent: The uppermost diamicton at different sites 
should (ideally) group together, and the diamictons below the sorted deposits (Facies 4) 
should also tend to group together. The results show that samples from different 
diamictons at any site (e.g., Telephone Point or Cape Suwarof) tend to plot near each 
other, but no trend can be discerned either strati.graphically or downriver. The grouping of 
diamicton samples by sites suggests that local glacier conditions (e.g., proximity to 
bedrock or older unconsolidated material) might overwhelm any more subtle differences in 
drift character that result from different glacial advances. 
Source Area Determination 
For assessing possible similarities and differences between sediment derived from 
different source areas, samples beyond the Naknek River valley were included in the 
analysis. Because pebble frequency, size, and lithology were not measured on samples 
collected during the first year, I performed two cluster analyses, one that includes only the 
laboratory tests that were performed on all 50 samples (pH, EC, MS,% mafics, % 
intrusives, and grain-size distribution), and one that includes both laboratory and field 
tests, but excludes the 14 samples collected during the first field season. 
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Results using all 50 laboratory-tested samples show that cluster analysis is 
moderately good at distinguishing drift from known, different source areas (Figure 21). 
Drift from the Wood River Range (samples 5, 6, 7, 10, and 27) is clearly separated from 
the Alaska Peninsula drift Likewise , samples from the Iliamna Lake valley (K vichak and 
Iliamna moraines ; samples 41 , 42 , 43 , 45 , 46, and 47) cluster together. On the other hand, 
this cluster also includes three samples from the Naknek moraine (samples 8, 40, and 44). 
Although the Naknek moraine has a different source area than the Kvichak and Iliamna 
moraines, the physical and geochemical measurements chosen do not distinguish their drift. 
Apparently, the variables are more sensitive to factors other than source area: all of the late-
Wisconsin-drift samples are grouped together . Possible reasons for this clustering are 
discussed in "Principal Components Analysis," below. 
Results using the 36 lab- and field-tested samples (Figure 22) show nearly identical 
clusterings to the previous dendrogram. In this dendrogram, the Wood River Range-
derived drift is also clearly separated from the Alaska Peninsula drift. Similar to the 
previous analysis, the late-Wisconsin drift is grouped together, regardless of source area. 
Both dendrograms (Figures 21 and 22) show that the two samples from Halfmoon 
Bay (samples 9 and 50) are very dissimilar to each other. One sample is more similar to the 
Wood River Range drift, and the other more similar to the Alaska Peninsula drift. 
Likewise, a diamicton from Black Point, situated geographically between the two source 
areas (Figure 1, site #5; sample 11, Figure 21), shows affinity to both source areas. 
Apparently, the drift at Halfmoon Bay and Black Point may have been derived from 
glaciers that originated in both the Aleutian Range and the Wood River Range, or one 
advance may have incorporated drift of an older advance. 
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Cluster analysis consistently separated the Wood River Range drift from the Alaska 
Peninsula drift, but failed to further divide the Alaska Peninsula source areas. This 
analysis suggests either: 1) the geochemical and physical tests chosen for this study are not 
sensitive enough to differentiate between drift from the Naknek and Iliamna valleys , 2) 
cluster analysis failed to detect the differences between Naknek drift and Kvichak/Iliamna 
drift, or 3) there is no difference between drift derived from the Naknek and the 
K vichak/Iliamna source areas. 
Principal Components Analysis 
Principal components analysis (PCA) was used to determine which diamicton 
properties were most important in determining the similarity matrix used for the cluster 
analysis . The 36 samples that were analyzed both in the field and in the laboratory were 
used for the PCA analysis (same data used in Figure 21). The results show that the first 
principal component (axis 1) is most heavily influenced by grain-size distribution , 
especially percent sand (Table 4); it accounts for-34% of the variability in the data (Table 
5). Axis 2 is most closely related to the pebble lithology , especially basalt and quartz 
content. Axis 3 is most influenced by pH, with an additional component of pebble 
lithology (mostly gabbro content). Axes 2 and 3 account for -17% and -14% of the total 
data variability, respectively . Combined, these three components account for-65% of the 
total variability. 
Plotting the samples on graphs whose axes are the three principal components 
(Figure 23) provides information on how the samples group according to their principal 
component scores. For example, the Wood River Range drift (samples D and E) is clearly 
separated from the Alaska Peninsula drift, especially along Axis 1. This suggests that grain 
size is most important for distinguishing drift from these two source areas-Wood River 
drift is finer than Alaska Peninsula drift. The late-Wisconsin drift (a through h) also 
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TABLE 4. COMPONENT LOADINGS OF 1HE 17 VARIABLES FOR 1HE FIRST 
1HREE PRINCIPAL COMPONENTS. NUMBERS IN ITALICS SIGNIFY 1HE 1WO 
VARIABLES THAT HA VE 1HE IDGHEST ABSOLUTE VALUE FOR EACH AXIS. 
EIGENVECTORS (COMPONENT LOADINGS) 
Variable Axis 1 Axis 2 Axis 3 
pH 0.0387 0. 0692 -0.4768 
EC 0.1866 0.0425 -0.1576 
MS -0.2916 0.1130 0.0192 
%Mafic 0.2657 -0.2438 0.3106 
%Intrusive -0.2394 -0.0994 -0.2912 
%Tuff/Ryol. -0.2723 -0.2646 -0.2284 
%Granite -0.3118 -0.2207 -0.1439 
%Andesite -0.2300 -0.1256 0.3950 
%Diorite 0.3029 -0.2601 0.0144 
%Basalt 0.0461 0.5059 -0.1641 
%Gabbro 0.0114 -0.3439 -0. 4117 
%Quartz 0.0988 0.4354 0.0008 
%Meta. -0.0431 0.3281 -0.0228 
%Sect. 0.3343 -0.1681 0.1745 
%Sand -0. 3569 0. 0362 0.2135 
%Silt 0.2580 -0.0800 -0.2386 
%Clay 0.3392 0.0410 -0.0847 
TABLE 5. EIGENV ALVES, PERCENT OF TOTAL VARIANCE, AND CUMULATIVE 
PERCENT OF 1HE FIRST 15 PRINClP AL COMPONENTS (TOLERANCE OF 
EIGENANALYSIS SET AT lxl0-6). 
Percent Cumulative 
Axis Eigenvalue of Total Percent 
1 5.805 34.15 34.15 
2 2.813 16.55 50.70 
3 2.368 13.93 64.62 
4 1.376 8.09 72. 72 
5 0.954 5.61 78.33 
6 0.868 5.11 83.44 
7 0.632 3. 72 87.16 
8 0.557 3.28 90.44 
9 0.487 2.86 93.30 
10 0.338 1. 99 95.29 
11 0.262 1.54 96.83 
12 0.185 1.09 97.92 
13 0.154 0.91 98.82 
14 0.131 0.77 99.59 
15 0.069 0.41 100.00 
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Figure 23. Principal component plots for cliamictons in the lower Naknek River 
valley (output from PCA). A-first principal component (PC) vs. second PC; 
B-first PC vs. third PC; C-second PC vs. third PC. Samples within the area 
labeled "L W" are from late-Wisconsin moraines, and samples within the area 
labeled ''WRR" are from Wood River Range drift. 
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groups together, and seems to be separated from the other samples along Axis 3. This 
suggests that pH and pebble lithology are most important for distinguishing the late-
Wisconsin from older drift. Unlike the flow- and basal-till sampled in the more extensive, 
pre-late-Wisconsin drift, diamictons from the late-Wisconsin drift was collected from end 
moraines. The moraines are located closer to the mountain front and comprise sediment 
less far-travelled than sediment of the pre-late-Wisconsin drift. This difference might 
explain the attrition of andesite and the relative increase in more resistant gabbro clasts in 
the more far-travelled drift. The late-Wisconsin drift is also more acidic . This probably 
reflects the buffering influence of marine sediment that has been incorporated into the drift 
of the more extensive pre-late-Wisconsin glaciers as they spread beyond the mountain front 
into the lowland. 
To consider all three principal component axes together, I plotted the data on a 
three-dimensional scatter plot (Figure 24). This graph clearly shows that the Wood River 
Range drift and the late-Wisconsin drift are separated from the Naknek River valley drift, 
but no finer-scale subgroups can be resolved. 
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Figure 24. Three -dimensional scatter plot of principal component analysis (PCA) results . Samples within the area 
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GEOCHRONOLOG 'Y 
Methods 
Several dating methods, including thermolumines;cence, amino acid epimerization, 
and radiocarbon dating, were used to confine the age of tlhe drift at several sites in the study 
area. 
Luminescence Dating 
Thermoluminescence (1L) and optically stimulatexi luminescence (OSL) measure 
the time-dependent dosimetric properties of quartz and fe;ldspar minerals in sediments (see 
Berger, 1988, for a review). Exposure of sediment to suJfficient sunlight or heat resets the 
luminescence signal in the sediment. A new luminescence signal builds after burial, as 
naturally occurring radioisotopes decay. The intensity of this signal, when calibrated 
against the environmental dose rate, yields the sample agce. 
Samples were collected by pounding a 10-cm lonig, 2.5-cm diameter PVC pipe into 
the outcrop, capping both ends, and wrapping the pipe in aluminum foil to prevent solar 
radiation from reaching the sediment. Two luminescence age estimates were obtained from 
the Naknek River valley by Steve Forman (Byrd Polar Research Center). The first TL age 
comes from the upper contact of a diamicton overlain by lbasalt at Telephone Point (Figures 
2 and 6b ). Portions of the underlying diamicton are inchnded in (surrounded on three sides 
by) the basalt (Figure 18). The second, an OSL age, was determined on intertidal sediment 
at Halfmoon Bay (Figure 2, #15). Modern tide-flat sediment was also sampled to 
determine whether this depositional environment is suitabJle for resetting the OSL clock. 
Results show that the sediment is reset during deposition, lending credibility to the dates 
obtained from Pleistocene sediment deposited in similar s;ettings (Kaufman, Forman, Lea, 
and Wobus, unpublished data). 
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Amino-Acid D!L Ratios 
Amino acids are present in all living organisms. After death of the organism, amino 
acids undergo racemization ("epimerization" for amino acids with two chiral carbon atoms; 
hereafter referred to as racemization), the conversion of L-amino acids to D-amino acids 
(see Kaufman and Miller, 1992, for a review). The extent of amino acid racemization (D/L 
ratio) may be used as a proxy for age, if paleotemperature can be determined. Even if the 
paleotemperature is uncertain, the ratios can be used as relative-age indices (Miller and 
Brigham-Grette, 1989). 
Marine bivalves (Ponlandia) were found at two sites near the Naknek River valley, 
at South Naknek beach (near Johnston Hill) and at Halfmoon Bay (Sites 14 and 15, Figure 
2). At South Naknek beach, the shells were found in a stony marine-lag horizon that 
separates two diamicton beds. This lag is 5.4 masl and is laterally continuous 
(undeformed) for several kilometers. At Halfmoon Bay, relatively well-preserved shells 
were collected from deformed glacio-estuarine sediment. 
Radiocarbon Ages 
A radiocarbon age was obtained on shells at Halfmoon Bay, from the same deposit 
mentioned above. Other ages have been reported from Etolin Point and near the Naknek 
moraine. 
Results 
Luminescence 
1L results from the diamicton at Telephone Point indicate an age of 251 ± 20 ka. 
This age is beyond the typically recognized range of the applicability of 1L; however, the 
signal was not saturated (low dose rate), and is considered a finite age estimate (Steve 
Forrnan,pers. comm., 1994). Assuming that the basalt at Telephone Point heated the 
underlying diamicton sufficiently to reset the 1L clock (which, based on the absence of 
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kaolinite, appears to be the case), then -250 ka is a valid age for the basalt, and is a 
minimum age for the deposition of the diamicton. It also serves as a maximum age for the 
diamicton overlying the basalt, which is physically and chemically different from the 
underlying diamicton(s). 
OSL analysis of intertidal sediment in outcrops from Halfmoon Bay indicates an 
age of about 82 ± 7 ka for the glacioestuarine sediment (Kaufman et al., in press). OSL 
dates from stratigraphically similar sediment at Ekuk and Squaw Creek (Figure 1, sites 2 
and 3, respectively) overlap the Halfmoon Bay date at la, indicating contemporaneous 
glacial advances from both the Wood River Range and the Alaska Peninsula . 
Amino-Acid D/L Ratios 
D/L ratios in paired valves of Portlandia from South Naknek beach average 0.052 ± 
0.003. This ratio is slightly higher than ratios measured in Mya truncata (0.041 ± 0.007) 
from littoral deposits of the last-interglacial (Pelukian, marine oxygen-isotope substage 5e; 
ca. 125 ka) marine transgression at its type locality near Nome (Kaufman et al., in press). 
Laboratory heating experiments demonstrate that, for D/L < 0.1, there is no significant 
difference in the rate of racemization between Portlandia and Mya. Since the rate of 
racemization is higher at Bristol Bay than at Nome (the mean annual temperature is about 5° 
C higher at King Salmon than at Nome), the difference in D/L suggests that the marine lag 
at South Naknek beach is correlative to the Pelukian transgression. 
D/L ratios in Portlandia from Halfmoon Bay average 0.028 ± 0.005, about one-half 
the ratios in the South Naknek beach shells. The low ratio suggests that, because the shells 
were collected from glacially deformed sediments, ice must have advanced at least as far as 
Halfmoon Bay sometime since the last interglacial. Equivalent D/L ratios (0.027 ± 0.001) 
from Etolin Point (Figure 1, site 1) indicate the ice advanced beyond Halfmoon Bay at least 
50 km (Kaufman, Forman, Lea, and Wobus, unpublished data). 
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Radiocarbon Ages 
Because shells from Halfmoon Bay were collected from glacially deformed 
sediment, they provide a maximum-limiting age for ice advance. The shells are >42 ka, 
beyond the range of radiocarbon dating. Radiocarbon ages from the Etolin complex (the 
overlying organic silt and peat) show that the underlying drift around Nushagak Bay is 
older than 38 ka (Lea et al. , 1991). Similarly , radiocarbon ages from organic silt 
underlying outwash graded to the Naknek moraine (Mann and Peteet , 1994) and Kvichak 
moraine (Stilwell and Kaufman , unpublished data) demonstrate that downriver drift is older 
than -26.5 ka . 
Other Age Constraints 
Old Crow Tephra 
The Old Crow tephra is a prominent stratigraphic marker found throughout Alaska 
and the Yukon Territory of Canada (Westgate et al., 1990; Hamilton and Brigham-Grette, 
1991; Waythomas et al., 1993). A generally accepted age for the Old Crow tephra is 140 ± 
10 ka (Westgate et al., 1990); therefore, it was deposited prior to the last interglacial 
maximum. Despite several summers of investigation, and hundreds of kilometers of 
exposure examined, the tephra has not been found in the Bristol Bay region. Since the 
source of the Old Crow tephra was probably near Bristol Bay (Westgate et al., 1985; 
Waythomas et al., 1993), deposition in this area would seem almost certain. The lack of 
tephra suggests that a major ice advance in the lower Naknek River valley occurred after 
140 ka, removing or burying the ash. 
Emerged Shorelines 
The last-interglacial marine transgression, termed the Pelukian transgression in 
Alaska, occurred ca. 125 ka (Brigham-Grette and Hopkins, 1995). Global sea level was 
approximately 10 m higher than present during this time, as evidenced by emerged 
shorelines world-wide. However, no such emerged shorelines have been found around 
K vichak Bay . If the drift surrounding K vichak Bay was older than the last interglacial, 
then shorelines should be preserved . 
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GLACIER RECONSTRUCTIONS 
Although the multivariate statistical analysis of diamicton data showed distinct 
differences between drift derived from the Wood River and Alaska Ranges and between 
drift comprising late-Wisconsin moraines, it failed to subdivide distinct drift units within 
the lower Naknek River valley. The geochronological data, on the other hand, provide a 
definitive basis for differentiating drift units at two locations: South Naknek beach and 
Telephone Point. Both sites expose at least two different glacial units separated by a 
substantial length of time. 
Older Advance 
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Because amino acid data suggest that the marine-lag horizon at South Naknek beach 
is correlative with the Pelukian transgression (-125 ka, isotope substage 5e), the 
underlying diamicton was derived from an extensive ice advance prior to the last interglacial 
(Figure 25a). Detterman (1986) described a lower, compact diamicton near Johnston Hill, 
that he named "older drift." The diamicton below the unconformity at South Naknek beach 
is more compact, sandier, stonier, and has higher MS and EC than the overlying diamicton 
(Appendix A). Diamicton samples from South Naknek beach were collected by workers 
unfamiliar with the field methods used for determining clast lithology, size, and frequency. 
Nonetheless, the compactness and coarseness of the diamicton matrix and its high MS and 
EC may characterize the older drift. The compact, stony diamicton at the base of Cape 
Suwarof (CSl, Figure 2 and 1.6d) may be drift from this earlier advance; it also has a 
sandy matrix and high MS and EC. The basal diamicton at Big Flats (BFl, Figures 2 and 
6c) may be a third remnant of the older advance. Not only is it stony and compact, but it 
also appears to be separated from an overlying diamicton bed by a lag horizon. The lag 
gravel is at -5 masl, about the same elevation as the last-interglacial lag at South Naknek 
beach, 10 km southwest of Big Flats. This section was poorly exposed, and time did not 
> 125 ka 
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allow a thorough excavation. 
Based on the 1L age estimate at Telephone Point, the diamicton beds below the 
basalt also date from an older advance (older than-250 ka) . However, the distinct 
difference between the older drift units at Telephone Point and South Naknek beach 
suggests that they may have been deposited during different glacier advances, and that 
more than one "older drift" unit may be present in the valley. 
The environment of deposition for the older drift(s) is unclear. No sufficiently 
thick stratified units are present to diagnose an estuarine influence, like that present in the 
younger drift The compactness might indicate deposition at the base of an active glacier, 
or it might reflect overriding of ice during the younger advance. 
Younger Advance 
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Sometime following the last interglaciation, ice readvanced down the Naknek 
River valley, depositing outwash (Facies 3) that buried the older drift in most places. 
Glaciers from the Alaska Peninsula and the Wood River Range advanced at about the same 
time, possibly converging near Black Point (Figure 25b). Alaska Peninsula glaciers 
advanced south and west across Kvichak Bay, as far as Etolin Point. Wood River Range 
glaciers advanced south and east, as far south as Ekuk (Lea, 1990a). Drift at Halfmoon 
Bay is chemically and physically similar to drift derived from both Naknek River valley and 
Wood River Range sources, suggesting that ice from both sources advanced onto eastern 
K vichak Peninsula. 
The interstratification of estuarine (Facies 4) and glacial sediments is most evident at 
sites downstream from Fishery Point and indicates that the ice advanced during a time of 
higher relative sea level ( cf. Lea, 1990a). Based on the maximum height of Facies 4 
(excluding the deformed unit at Leader Creek), relative sea level was -12 m higher than 
present during this advance. This height agrees with the estimate of Lea (1990a), who 
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concluded that the most recent ice advance from the Wood River Range into Nushagak Bay 
occurred at a time when relative sea level stood 12-15 m above present. 
During retreat, the glacier front may have experienced minor fluctuations. Slight re-
advances might have deformed the underlying sediment by thrusting and folding, forming 
arcuate ridges that resemble true moraines. Previously, these ridges have been mapped as 
terminal moraines, each representing a separate ice advance, requiring significant glacier 
reorganization (Muller, 1952a; Detterman, 1986; Riehle and Detterman, 1993). However, 
my interpretation of these features as thrust ridges suggests that they all could have been 
formed during a single glacial episode. Similarly, my interpretation of some diamicton 
beds as flow till rather than basal till suggests that a single ice advance could have deposited 
multiple diamicton units interstratified with water-reworked sediment. 
Because definitive evidence is lacking for more than one late-Pleistocene glaciation 
in the lower N aknek River valley, I adopt the conservative approach that all of the drift in 
the field area, except the lower diamictons at South Naknek beach, Telephone Point, Cape 
Suwarof, and Big Flats, comprise a single drift sheet deposited during a single glaciation. 
I correlate this drift with drift at Halfmoon Bay, originally described by Muller (1952a). 
Muller's Halfmoon Bay drift, then, is younger than, not correlative with Detterman's 
"older drift," as suggested by Detterman (1986). Halfmoon Bay drift includes Detterman's 
(1986) Johnston Hill drift, and, until evidence is available to differentiate multiple 
glaciations, Mak Hill drift of Muller ( 1952a, mapped as "K vichak drift" by Riehle and 
Detterman, 1993). Lumping the drift units is consistent with the geochronological evidence 
(amino acid and luminescence data) from Halfmoon Bay and Etolin Point, which indicates 
a major pre-late-Wisconsin ice advance, reaching or approaching the maximum limit of 
Alaska Peninsula glacier ice, took place relatively recently, since the last interglaciation. 
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IMPLICATIONS 
Thrust Ridges 
Previous drift divisions based on landforms ("Mak Hill drift" and "Johnston Hill 
drift") may not be appropriate in this area. Judging by exposures nearby both Mak Hill and 
Johnston Hill, these ridges are composed of glacially deformed sediment. Furthermore, 
they lack lateral continuity, indicating that they are glacial-tectonic thrust ridges. 
Throughout the Bristol Bay region, exposures into similar topographic features show that 
they are also thrust ridges . Because Mak Hill and Johnston Hill apparently do not 
represent climatically significant ice-marginal positions, the appropriateness of using them 
as the type localities for lithostratigraphic units and for separate Alaska-Peninsula-wide ice 
advances is dubious. I propose abandoning the terms "Mak Hill drift" and "Johnston Hill 
drift" as regionally mappable lithostratigraphic units in favor of a single "Halfmoon Bay 
drift," which comprises all surficial drift in the Naknek River valley, downriver from the 
late-Wisconsin Naknek moraine and its associated outwash. I support Detterman's (1986) 
use of the term "older drift" for the subsurface drift demonstrably older than Halfmoon Bay 
drift, such as that exposed at South Naknek beach, Cape Suwarof, Telephone Point, and 
Big Flats. Older drift may be present at other exposures; however, the similarity in 
geochemical and physical properties precludes further lithostratigraphic subdivision of the 
drift (Figure 26). 
Sea Level 
An extensive ice advance younger than the last interglacial is not widely recognized 
in Alaska ( cf. Hamilton, 1994 ). In northwestern Alaska, for example, the last major ice 
advance, during which glaciers reached the coast, occurred during the middle Pleistocene 
(Huston et al., 1990; Kaufman et al., 1991). All younger advances did not extend beyond 
the mountain fronts. However, recent work has documented major ice advances-80 ka in 
Previous Studies This Study 
Age Drift Unit Age Drift Unit Age Constraints 
late Wisconsin Brooks Lake late Wisconsin Brooks Lake 
Radiocarbon 
(> -40 ka) 
early Wisconsin Mak Hill 
late stage 5 / Halfmoon Bay 
early Wisconsin 
Glacial-estuarine 
Illinoian Johnston Hill deposits (-80 ka) 
South Naknek beach lag 
(-125ka) 
Telephone Point basalt 
early Pleistocene Halfmoon Bay/ middle(?) (-250 ka) 
"older drift" Pleistocene older drift 
Figure 26. Changes in name and age assignments for drift in the Naknek River valley. 
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the high Arctic (Clark et al., 1993). Because the mass balance of polar glaciers is 
especially sensitive to the availability of moisture, a major ice advance would seem to 
require a source of sufficient moisture . For areas adjacent to broad continental shelves, 
relative sea level must remain near the present to submerge the shelf and provide the 
necessary precipitation to build glacier ice . For example, during the last glacial maximum, 
marine oxygen-isotope stage 2, when eustatic sea level was at its minimum, glaciers in 
Alaska (outside of the Gulf of Alaska ) were restricted to the highest mountain tributaries , 
and extreme aridity prevailed (cf. Hamilton , 1994). 
In the Bristol Bay region, the presence of tidally influenced sediment up to about 12 
masl in Kvichak Bay (this report ) and Nushagak Bay (Lea, 1990a) demonstrates that 
relative sea level was higher than present at-80 ka The higher-than-present relative sea 
level in Bristol Bay may be attributed to tectonic, isostatic, or eustatic effects, or any 
combination of these. Because Bristol Bay is a long-lived subsiding basin in a back-arc 
setting, uplift is not expected in this area. The 5-6 masl elevation of Pelukian marine-lag 
deposits at South Naknek beach is consistent with expected elevations of last-interglacial 
deposits . Furthermore, the glaciers that advanced into Bristol Bay Lowlands were only a 
few hundred meters thick (Lea, 1989). Such thin ice is unlikely to have had a major 
isostatic effect. The similarity in the maximum height of marine deposits in coastal 
exposures from Dillingham to Naknek, a distance of -90 km, further supports the idea of 
limited isostatic effect, because the amount of uplift would be expected to increase toward 
the more substantial ice load over the Alaska Peninsula. Furthermore, shoreline-levelling 
data from Iliamna and Naknek Lakes show that the extent of isostatic rebound following 
the last glacial maximum was minimal (Stilwell, 1995). 
The degree to which the high relative sea level reflects high global sea level is not 
clear because the position of eustatic sea level at -80 ka, during the deposition of the 
glacial-estuarine Halfmoon Bay drift, is uncertain . Evidence from the coasts of North 
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America, Bermuda, and the Bahamas indicates that global sea level was the same as, or 
higher than, present at 80 ka (Muhs, 1992). However, evidence from Barbados, New 
Guinea, Haiti, and from marine oxygen isotopes suggests that sea level was significantly 
lower than present during late stage 5 (Muhs, 1992). Growth of extensive pre-late-
Wisconsin glaciers in the Bristol Bay region probably required the presence of open water 
in Bristol Bay. If global sea level was much lower than about -50 m around 80 ka, much 
of the continental shelf underlying Bristol Bay would have been dry, effectively cutting off 
a source of precipitation for glaciers. The higher-than-present relative sea level in Bristol 
Bay at -80 ka is attributed, at least in part, to an eustatic sea level higher than -50 m, which 
is considerably higher than the low stand during the last global glacial maximum (marine 
oxygen-isotope stage 2). 
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SUMMARY AND CONCLUSIONS 
Geochemical and physical properties of drift sampled in bluffs on opposite sides of 
northeastern Bristol Bay show that Alaska Peninsula-derived drift in bluffs exposed around 
Kvichak Bay is distinguishable from drift derived from the Wood River Range in 
Nushagak Bay. However , drift from the late-Wisconsin Naknek moraine is not 
significantly different from drift in the late-Wisconsin Kvichak moraine , despite known , 
different source areas. The dendrograms show greater variability in sedimentary 
characteristics between superposed diamicton beds than within duplicate subsamples of a 
single diamicton bed . However , within the Naknek River valley , the results lack 
stratigraphic or geographic trends that might indicate distinct drift sheets related to separate 
ice advances, with the exception of the older drift at South Naknek beach and Cape 
Suwarof . 
The multivariate techniques used in this study may be useful for provenance studies 
in other areas . Most of the field and laboratory measurements proved useful for 
subdividing Wood River from Alaska Peninsula drift, and none were clearly unnecessary. 
Judging by the results of PCA, grain-size distribution of the matrix, pebble lithologies, and 
pH were particularly important measurements. On the other hand, there are some short-
comings to the multivariate statistical approach. For example, the dendrogram revealed that 
some clustering of samples is influenced by the depositional environment: Late-Wisconsin 
drift was deposited terrestrially, whereas older drift was either deposited in part under 
marine conditions or it incorporated marine sediments, influencing pH: The transport 
distance may also influence grain-size distribution and pebble lithology. If the intended 
purpose is correlation of drift, then the influence of these factors must be considered. 
Nonetheless, cluster analysis and PCA provide a means of classifying drift based on 
multiple measurable variables and of graphically displaying differences and similarities 
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between samples. 
The ice source for the glacier(s) that deposited drift throughout the Kvichak Bay 
region remains somewhat uncertain . It probably includes material from glaciers that 
originated in the mountainous region east of Naknek Lake and from the outlet lobe of the 
CIS that occupied the Iliamna Lake valley. The presence of erratics comprising the Naknek 
Formation in drift at Halfmoon Bay (Muller, 1952a) confirms that at least some of the ice 
originated east of Naknek Lake . Cluster analysis shows that one of the two diamicton 
samples from Halfmoon Bay is more similar to Wood River Range drift than to Alaska 
Peninsula drift. This suggests that either: 1) the ice originating from both the Alaska 
Peninsula to the east and the Wood River Range to the northwest converged at or near 
Halfmoon Bay, or 2) the ice advancing from the Alaska Peninsula reworked older Wood 
River Range drift deposited at Halfmoon Bay . 
The presence of a marine-lag horizon with shells whose D/L ratios are correlative to 
the Pelukian transgression , between diamicton beds at South Naknek beach, provides 
strong evidence of two separate pre-late-Wisconsin glacier advances. The underlying drift 
("older drift" of Detterman, 1986) was deposited during an advance that predates the last 
interglacial. If this drift is correlative with the drift underlying the basalt at Telephone 
Point , then it is older than a TL age estimate of-251 ka on a lava-baked diamicton. The 
overlying drift, and correlative drift at Halfmoon Bay and Etolin Point, was deposited 
during a time of higher-than-present relative sea level. An OSL age estimate on tide-flat 
deposits interstratified with glaciogenic diamictons indicates that this advance took place at 
-80 ± 5 ka, late during oxygen-isotope stage 5. 
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APPENDIX A. FIELD AND LABORATORY DATA 
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TABLE A.l. DATA FROM LABORATORY MEASUREMENTS. 
Coarse-sand Grain size 
Sample# Symbol ID "'6 mineralogy distribution 
(Figs. 6 (Figs. Er: SI Units Mafic Intrusive Sand Silt Clay 
& 20-22) 23 & 24) Field ID DH /uMHOSl 1400 Hz/ol 1%) (%) {%) 1%) 1%) Notes 
1 A 93-96A 7 .89 55 685.8 32 53 61 31 9 
2 B 93-96C 7.89 48 659.4 30 54 56 33 1 2 
3 C 93-96E 7 .85 45 662 .6 38 23 65 25 1 0 
4 93-37A 7.06 lost 44.0 83 24 29 58 13 
5 D 93-37B 6 .97 44 34 .9 100 0 1 7 so 34 
6 93-56A 6.84 249 254.8 63 43 8 57 35 
7 E 93-61A 5.06 298 131.4 65 23 6 52 42 
8 93-94C 6.21 24 422.4 36 45 91 2 7 . t 
9 F SP2-1-5 7.05 32 456.4 38 40 52 1 4 34 
1 0 IG4 -10-1 7.69 313 164.0 100 0 20 25 5 5-
11 G 93-35D 7.12 24 216 .5 51 28 63 6 31 
12 93-87A 6 .2 1 24 666 .3 36 37 58 31 11 
1 3 H 93 -87C 6.58 13 618.5 35 34 56 30 1 4 
14 I 93-87D 6.75 1 0 1171. 9 24 30 77 1 7 6 . 
15 J 93-88A1 7.76 102 683.0 36 39 64 25 12 
1 6 K 93-88A2 7 .78 75 683.0 34 32 62 27 12 
17 L 93-88C 7 .42 68 548.2 43 ' 30 59 29 13 
1 8 M 93-88E 7.64 68 578 .0 39 26 50 37 13 
1 9 N TP1 -1 7.04 34 529.8 52 22 50 40 10 
20 TP1-2 7.27 1 9 767 .7 44 37 73 22 5 
21 0 TP1-3 7.75 22 594 .2 48 25 64 27 8 
22 TP1-4 7.93 1 4 566 . 1 37 22 66 22 ~ 2 
23 p FP1.1 -1 7 .54 1 5 414 .0 40 35 32 64 4 
24 a FP1.1 -2 7.82 26 374 .8 31 36 34 37 30 
25 R FP1 .1-3 7 .54 20 559.0 46 27 47 37 16 
26 s FP2 .1-5 7 .22 19 603.5 43 37 60 25 15 
27 93-35A 7.24 74 234 .8 84 11 51 32 17 . 
28 T TP2.2-1 7.27 11 511.8 45 52 54 28 1 7 
29 u TP3.1-1 6.94 16 555.9 42 54 51 41 8 
30 V HB3.1-2 6.85 21 421.7 32 38 36 43 21 
31 w HB3 .1-3 6.98 5 552.7 35 40 50 32 1 8 
32 CS1-4 4.92 49 400.6 47 44 29 46 25 
33 X CS1-5 5 .78 69 487.0 46 29 41 36 23 
34 y CS2-1 5 .87 1 8 500 .6 43 32 57 31 12 
35 z CS2-4 4 .04 52 551.5 43 35 45 36 18 
36 SN2-C 6.22 23 584.9 39 21 45 37 18 
37 SN2-B 8 .10 52 457.0 31 23 26 67 6 
38 SN2-A 7 .19 84 653 .1 51 26 55 34 11 
39 KA 1-2 6 .65 4 63.1 33 45 28 67 5 
40 a KS-2A 4.91 4 784.3 35 30 78 1 6 6 t 
41 b IL-SA 4.91 1 587.8 52 34 96 0 4 t 
42 C IL-7A 4.98 1 659 .3 45 33 59 35 7 t 
43 d IL-9A 4.50 2 812 .8 62 37 71 23 6 t 
44 e KS-3A 5 .59 0 428.7 33 42 96 1 3 t 
45 f KV-4A 4.88 1 937 .4 37 28 82 12 6 t 
46 g KV-4B 5.27 0 842.9 30 44 85 1 3 2 t 
47 h KV-5B 5.99 1 34.5 49 44 64 32 3 t 
48 i 93-97F 6.00 8 660.0 33 21 67 23 9 . 
50 j SP2-1-2 6 .12 520 514 .8 29 26 32 47 21 . 
• Samples collected during the first field season. 
t Samples collected from the surface of late-Wisconsin moraines . 
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TABLE A.2. DATA FROM FEILD MEASUREMENTS. 
Clast Lithology 
Sample# Tuff & Meta- Sedi- Average Diamicton 
(Figs. 6 Rhyolite Granite Andesite Diorite Basalt Gabbro Quanz morphic mentary ctast size Clas! Frequency 
&20-22) (%) (%) (%) (%) (%) (o/.) (%) (%) (%) (cm) (clasts I I) Noles 
1 18 34 10 12 20 6 0 0 0 2. 7 9.6 
2 24 22 7 7 24 14 0 0 0 2 .9 11.1 . 
3 23 21 12 11 27 7 0 0 0 3 . 1 13.5 . 
4 . . . . 
5 0 1 0 24 10 2 3 0 60 . 
6 . . . 
7 0 1 0 43 10 10 0 0 36 . . 
8 . . . - . . . . . t 
9 14 20 16 3 34 3 5 0 5 . . 
1 0 . . . . . . . . 
11 0 6 8 13 48 0 18 2 5 . . 
12 . . 
13 18 21 21 7 21 7 5 0 0 2.9 10.9 . 
14 9 16 18 5 38 5 6 2 0 2.8 15 .3 . 
15 13 1 7 12 2 45 5 4 1 3 3.3 9.6 . 
16 13 1 7 12 2 45 5 4 1 3 3.5 9.9 
1 7 12 1 4 7 4 43 3 14 1 0 3 .4 9.0 . 
18 14 16 15 4 38 2 9 2 0 2 .9 10.2 . 
19 18 7 20 5 35 3 7 0 5 2 .8 18.0 
20 . . . 
21 23 21 12 10 27 7 0 0 0 3.3 12.9 
22 
23 9 6 9 6 60 0 5 0 5 2.7 5. 7 
24 8 10 8 4 62 0 6 0 4 3.5 5.3 
25 15 8 4 8 54 0 0 2 8 3 .4 8.2 
26 8 1 4 10 10 41 2 4 2 8 3 . 1 9 .8 
27 . . . . . 
28 26 20 8 6 32 8 0 0 0 3.2 12.9 
29 22 28 10 12 22 6 0 0 0 2 .6 10 .0 
30 12 12 4 12 46 4 4 2 4 3.1 10.4 
31 10 8 8 6 50 2 10 2 4 3 .3 8.8 
32 . . 2.7 0.5 
33 6 10 8 14 54 2 4 0 2 3.0 4.9 
34 8 8 8 12 56 0 6 0 2 2. 8 8.5 
35 4 12 10 8 58 0 4 0 4 3.3 7.0 
36 . - . . 
37 . . 
38 . . 
39 . . -
40 2 23 12 8 46 2 2 0 6 . t 
41 10 27 35 8 18 0 2 a 0 . t 
42 16 18 56 2 8 0 0 0 0 . t 
43 12 10 52 4 22 0 0 0 0 t 
44 14 18 18 2 40 0 2 0 6 t 
45 22 22 22 2 28 0 0 2 2 . t 
46 22 22 22 2 28 0 0 2 2 t 
47 24 28 22 8 14 4 0 0 0 . t 
48 15 11 20 3 37 3 6 0 4 . . 
50 4 16 4 0 70 0 4 0 2 . 
• Samples collected during the first lleld season . 
t Samples colleaed lrom the sur1ace of late-Wisconsin moraines. 
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APPENDIX B. GRAIN-SIZE DIS1RIBUTION METIIODS 
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Each matrix sample collected in the field was first divided into four approximately 
equal parts using a splitter. The resulting sediment (typically 15-30 g) was weighed to the 
nearest 0.1 g, gently disaggregated using a mortar and pestle, and placed in a beaker with a 
Calgon solution (50 g/1) for at least 3 hr. The soil-Calgon mixture was then placed in a 
sonic dismembrator for 15 min . to further disaggregate cohesive clasts. An initial wet-
sieve, using 2 mm (-1 0), 1mm(00), and 0.061mm(40) sieves, removed most of the 
silt and clay(< 61 µm ). The silt and clay suspension was placed in a 1000-rnl graduated 
cylinder; the sieves which trapped the sediment were placed in a low-heat oven (50 - 70° C) 
until the sediment was dry. I then placed the sediment in a larger sieve-set , and dry sieved 
for 30 min . Sieves used for the dry sieve were: 2 mm (-1 0) , 1mm(00) , 0.5 mm (1 0), 
250 µm (2 0), 125 µm (3 0), 61 µm (4 0), and the pan. Any remaining fines (silt and 
clay) in the pan after the dry sieve were added to the graduated cylinder. Each sieve 
fraction was weighed to the nearest 0.1 g. Distilled, deionized water wa3 added to the 
graduated cylinder to bring the volume to 1000 ml. The solution was thoroughly stirred 
using an electric stirrer. Using a pipette, a 20 ml aliquot was taken from the "bulk" 
solution immediately after initial stirring. 11ris solution was placed in a pre-weighed plastic 
vial, and placed in a low-temperature oven to dry. The solution was then re-stirred, and 
after allowing the silt to settle (according to Stoke's Law), a second aliquot was taken of 
the remaining clay, at 5 cm depth. Again, this solution was placed in a pre-weighed plastic 
vial, and placed in a low-temperature oven to dry. When the water in the vials had 
completely evaporated (typically> 12 hr.), the vials were capped (with pre-weighed lids), 
and placed in a desiccator at room temperature. After cooling to room temperature, the 
vials were weighed to the nearest 0.0001 g. The weight of the silt and clay in the sample 
were calculated as follows: 
[ (vial & sed. wt.)- (init. vial wt. )- (Calgon wt.)]* 50 = bulk silt & clay in sample (1) 
where "Calgon wt." is calculated as: 
[ ( cy:zai:o~:me )* ( mol. wt. Calgon) ]* draw volume = Wt. of Calgon in vial (2) 
The weight of clay in the total sample is calculated as: 
[ (vial & clay wt.)- (initial vial wt. )- (Calgon wt. )]* 50 = clay in sample (3) 
Finally , the weight of silt in the sample is calculated as (1) - (3) . The sieve procedure is 
summarized in Figure B.1 ; the pipette procedure is diagrammed in Figure B.2. 
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storage 
>61µm 
I 
Bulle Sample 
I 
split 
I (20-50 g) 
disaggregate (gently) with mortar and pestle 
>61µm 
I 
I 
weigh sample & record 
I 
put in 500-ml beaker w/water 
add Calgon sin (20 ml) 
let sit overnight(> 12 hrs.) 
I 
ultrasonicate @ (J(.)% for 
10-15 minutes 
I 
wet sieve (2, 1, .061 mm screens) 
<61µm 
oven-dry (<100°C) 
I 
dry sieve 
<61_µm ~ 
~ put in 1000-ml graduated cylinder 
weigh each fraction & record ~ I 
Use 1-2 mm fraction for 
sand lithology (100 
grains with binocular 
microscope) 
Pipette analysis 
(Figure B.2) 
Figure B.1. Flow chart of sieve procedure for sediment grain-size analysis. 
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Pipette Analysis 
1000-mL graduated cylindar with <61 µm fraction (from 
sieve analysis) added 
I add water tJ 1000 mL 
weigh canister! and lid (dry) thoroug~y stir 
put initial draw in canister! 
oven-dry ( 110° C) 
I 
weigh canister (& lid) & sed. 
I 
subtract (to obtain sed weight) 
take initial draw within 20 seconds of stirring 
restir thoroughly 
I 
weigh canister2 and lid (dry) 
I 
Take second draw (for clay%) at 5-cm 
depth after 58 minutes, 22 seconds*. 
put c ay aw m canister 
*Adjust time and depth 
according to Stoke's Law 
Figure B.2. Flow chart of pipette analysis for sediment grain-size analysis. 
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APPENDIX C. FIELD AND LABORATORY DATA SHEETS 
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The following data forms are provided as a reference for future workers. Figure 
C.1 is a copy of the field sheets used during the second field season. It includes space for 
unit descriptions , pebble-count data, MS data , and a stratigraphic column. Figure C.2 is 
the form used in the laboratory to record grain-size, pH, EC, and MS data. 
Date _____ _ Site Number _____ _ 
Location 
Bounds 
(m) 
Type Grain size 
(dasts) 
Figure C.1. Field Sheets. 
Unit Descriptions 
Features (current indicators, grading, contacts 
roundness, clast frequency, laminations, etc.) 
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Pebble Counts 
Unit (from previous page): 
[uff/Ryo Gran . And. Dior Basalt Gabbro Qtz/Chert Meta Sed Other* 
- - - - - - - - -- - - - - - - - - - - -
,__ - -
Unit (from previous page): 
Tuff/Ryo Gran. And. Dior Basalt Gabbro Qtz/Chert Meta Sed Other* 
- - - - - - -
- .,... 
- - - - - -
- .... - -... -
-
- -
*Mak f e note o unusu 0 ers t rmeJ t serve as m al"th "tha .h . di cator ro clcs :
Unit Description 
Figure C.1 (continued) 
89 
MS readings 
height SI units 
I. : ; ! r-·--4-----+ -·--···--·--; ; l l { -~;---: t t t ~ t ; ---{ ~ t -f t 
• > t .,t J ;;. 
::::::.!::::i :.l ... ! ... J-:J ~::::::::::: 
. , ~ ~ { ~ 
·······~··· 1 1 1·····1 · ···· ........ .. 
C Si S G Co R 
Figure C.1 (continued) 
Beaker# 
Sample ID 
lnit. Wt. 
>2mm 
~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
> 1-2 mm ~ 
..... 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Cl) 
.5-1 mm 
- - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - -250-500 µm 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- -
125-250 µm 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -61-125 µm 
Bulk can. wt. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Clay can. wt. 
B Bulk wt . ... &- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -l:i: Clay wt. 
Stir Time 
- - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - -
Draw Time 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -(temp.) 
Figure C.2. Laboratory sheet used for recording sieve and pipette data. 
